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1.1 Nanodiamond as a Functional Material 

When the detonation synthesis of diamond nanoparticles was discovered in 1960s, probably no 

one could have imagined the impact it would have on research some 60 years later.[1] Despite 

the already known promising properties of nanodiamonds (NDs) at that time, it was not until 

the 1980s that nanodiamond could be produced as a commercially available product on a large 

scale. Among a variety of different methods, the synthesis strategy by detonation of a mixture 

of trinitrotoluene (TNT) and hexogen/octogen in an oxygen-free chamber has been established 

as one of three common methods. At 15 GPa and temperatures of about 3000 K this method 

produces approximately 2–10 nm detonation nanodiamonds (DND) and also graphitic 

materials. The two other bottom-up methods are the chemical vapor deposition method (CVD-

ND)[2] and the high-pressure-high-temperature method (HPHT-ND), where diamond films with 

crystal clusters or larger single-crystal diamonds are produced respectively, which are then 

broken down by milling processes to uniform sizes in the nanometer range.[3,4] 

 

Figure 1-1.  Schematic representation of the three established methods (detonation synthesis,  

CVD and HPHT) for the production of  nanodiamond with insets showing the respective raw 

material.  
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CVD diamond is usually produced at a pressure between 1 mbar and 100 mbar in a 

carbonaceous atmosphere with a high hydrogen concentration at substrate temperatures 

between 800 °C and 1100 °C where thermal or plasma activation of the gas phase is present.[2] 

During this process, methane (CH4) is cracked into CH3 and other carbon species and reacts 

radically with the surface of the diamond. During the growth process atomic hydrogen in 

plasma is selectively etching all carbon compounds except diamond, thus suppressing graphite 

formation and promoting hydrogen termination of the diamond surface. The raw material is a 

diamond film that can coat areas larger than 100 cm² and can be grown, under suitable condition, 

with a growth rate of 3–30 µm/h. 

HPHT diamonds, on the other side, are produced when graphite is subjected to pressures 

between 5.5 GPa and 7 GPa and temperatures of 1400 °C to 1800 °C in an anvil press, the so-

called belt apparatus, in the presence of a catalyst. The catalysts used are mainly metals of 

subgroups VI, VII and VIII of the periodic table. The graphitic carbon dissolves in the catalyst, 

which is liquefied under these conditions, up to the saturation limit. Once this is reached, the 

carbon precipitates in the form of diamond crystals. The high pressure supports the conversion 

of delocalized π-bonds into σ-bonds (sp3 hybridization). Another driving force is the 

accompanying reduction in volume. Under these conditions, graphite is at the phase boundary 

witch diamond and dissolves more easily in the liquid catalyst. The catalyst forms a diffusion 

layer between graphite and diamond and further adds carbon to the diamond crystallite due to 

the concentration gradient created by the precipitation of diamond-bonded carbon to the still 

unconverted graphite.[5] The weight of such diamonds can reach up to 15 ct. 

Agglomerated DND-raw-particles (diameter: <1000 nm), large CVD-films (~100 cm² an 

variable thickness) and macroscopic diamonds from HPHT (typically plates of <0.5 cm² and 

0.2–1.2 mm thickness) need to broke down to nanoscale by milling.[3,4] After milling the big 

diamond crystals down to ND, the resulting particles have many unique properties compared 

to other members of the carbon allotrope family. But they also share many properties with the 

bulk diamond, such as hardness and thermal conductivity. Additionally, NDs share properties 

with other nanoparticles because of their size to volume ratio. However, nanodiamond differs 

from all other nanoparticles due to the diamond crystal structure in its core and the versatile 

surface group composition.[6–9] 
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Figure 1-2.  Schematic representation of the prominent surface groups of nanodiamond.  

On the one hand, uniform surface groups can be generated by the various manufacturing 

processes and the subsequent purification. On the other hand, surface groups can be 

manipulated by wet chemical and gas phase modification methods. Furthermore, ND defect 

structures, such as nitrogen-vacancy or silicon vacancy defect centers (NV/SiV centers), or 

doping with boron atoms, for example, can induce many optical and electronic properties. By 

grafting surface groups and manipulating the diamond lattice, ND has a high potential for a 

wide range of applications in tribology, bioimaging, quantum sensing, drug delivery, tissue 

engineering, nanocomposite core material and additive for polymers.[3,10] 

1.2 Nanodiamond for Biological Applications 

Within the carbon nanoparticle family and compared with non-carbon nanoparticles, ND is an 

excellent candidate for biomedical applications.[11] Due to its largely non-toxic behavior in vivo, 

it can be used for drug delivery, biological imaging and sensing. Especially DND is an easily 

accessible material for bioapplication. It is cheap, can be produced in big amounts and is small 

enough (~2–10 nm) to be used as a drug carrier and additive in polymers for tissue engineering, 

nanocomposites and tribology.[12–15]  

Tribology 

Tribology is the study of interacting surfaces in motion and finds its application when, for 

example, hip joints no longer function due to high wear and tear and then need to be replaced 

with artificial joints. Over time, the friction and wear of these implants often causes 

inflammation and infection, and they are eventually replaced or removed. To extend life of such 
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joints, ND is used for additive/composite for metal/polymers/lubricants to adjust friction for 

joint implant.[16,17,18] By intraarticular injection of nanodiamond particles into the joint not only 

the resistance against wear and friction was enhanced significantly, but also the lubricant 

characteristics and antibacterial properties were adjusted.[19]  

 

Figure 1-3.  Schematic representation of using NDs for wear and frictions adjustment in artificial 

joints to prevent degeneration of the polymer -on-metal parts to prevent inflammation and 

infection and adding positive antibacte rial and lubricant properties to the surface. Reprinted with 

permission from A. Shirani, Q. Hu, Y. Su, T. Joy, D. Zhu, D. Berman, ACS App. Mat. Interfaces  

2019 ,  11 , 43500−43508. Copyright (2019) American Chemical Society. [19 ]  

In addition to biological applications, ND, for instance in detonation soot, lubricants such as oil 

in car engines, allows to reduce friction and wear by polishing the moving parts and removing 

unevenness. Additionally, due to the lower friction the energy consumption is reduced when 

used in oil for engines. The tribological properties of NDs (low surface roughness, hard core, 

ball-bearing effect) make them a promising candidate to reinforce polymers for mechanical 

adjustment.[18] 

Tissue engineering, nanofiller material for nanocomposites and additive in polymers 

Tissue engineering is a technique that involves the use of synthetic constructs to restore or 

improve tissues using the benefits of ND described above. It exploits the biocompatibility of 

ND to provide together with polymers improved mechanical properties compared to the tissue 

that is being used so far for replacement.[20] One of the most important subtypes of tissue 
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engineering is bone tissue engineering. The goal is to induce bone regeneration through the 

interaction between biomaterials, cells and factor therapy.[21,22]  

 

Figure 1-4.  Recordings of tissue healing (longitudinal sections stained with Toluidine Blue O) 

after 12 and 24 weeks of implantation using -caprolactone (CL) and CL+diamond particle 

(CL+DP) for regeneration, whereby the dotted lines separating the host bone (HB) from the new 

bone (NB) in between new fibrous tissue (FT) is growing.  Reprinted from Z. Xing, T. O. Pedersen, 

X. Wu, Y. Xue, Y. Sun, A. Finne-Wistrand, F. R. Kloss, T. Waag, A. Krueger, D. Steinmüller -

Nethl,  K. Mustafa, Tissue. Eng. Part A  2013 ,  19 , 1783, with permission from Mary Ann Liebert,  

Inc.  [22]  

Therefore, it is important that the material is not only biocompatible, but also degradable when 

growing new bone while maintaining a strength comparable to bone throughout. Biopolymers 

can already function well as bone substitutes, but they are not as strong as bone in terms of 

mechanical strength.[23] ND can provide a solution here because they add not only mechanical 

strength but also other assets to the scaffold.[17] For example, 3D-printed selective laser melted 

titanium surfaces, for bone replacement, can offer two advantages with the help of ND coating. 

First, ND coatings provide an improved surface for mammalian cell (osteoblast and fibroblast) 

growth, resulting in an increase in cell density of about 30%, which is important for 
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osseointegration. Second, this coating provides an 88% reduction in adhesion of 

Staphylococcus aureus colonies, and thus, prevents inflammation.[24] ND functionalized with 

biomolecules such as cellulose or saccharides has already shown, in addition to pure ND, even 

higher biocompatibility for growth cells of bones and inhibits adhesion of E.coli bacteria.[25] 

Biopolymers such as poly(lactic-co-glycolic acid) can improve the Young's modulus by 100% 

and hardness by 550% with the addition of phospholipid-functionalized ND without being 

toxic, while promoting cell proliferation and osteogenic differentiation.[26] However, the use of 

otherwise very hydrophobic and thus not necessarily biocompatible polymers can also be 

improved by the addition of NDs, with NDs excelling in particular as additives or nanofillers 

to improve other material properties and contribute to their non-toxic interactions.[27] On the 

other hand, the ND can also be improved by the polymers, e.g., by forming a polymer shell 

around the ND that can absorb and deliver drugs.[28] 

Drug Delivery 

In biomedical applications, especially drug delivery, the major concern is the toxicity of the 

nanomaterials used. A nanomaterial that is non-toxic and biocompatible is essential for long-

term clinical use. In the cell types tested, including neuronal, lung, kidney, and cervical cells, 

NDs show no cytotoxicity, which makes them suitable as drug delivery vehicles in 

bioapplications.[29,30,31] Furthermore, due to the aforementioned properties, namely the easily 

functionalizable surface and defect structures for bioimaging, ND is well suited for drug 

delivery applications.[32] For instance, in the last two decades, novel cancer therapeutics based 

on NDs were tested.[33,34] Here, the drugs are either covalently bound or adsorbed on the surface 

of the ND or the ND shell, such as a polymer.[6,20,28,35,36] A number of biomolecules such as 

DNA, lysozyme, cytochrome c, growth hormones, biotin, alpha-bungarotoxin, insulin and 

doxorubicin and several more have already been adsorbed in studies and some have been 

successfully desorbed under physiological conditions.[33] In one of the pioneer studies, a 

chemotherapy drug called doxorubicin hydrochloride (DOX) was adsorbed onto a DND surface 

and introduced into murine macrophages and colorectal cancer cells using the DNDs as carriers. 

Reversible desorption was regulated by the concentration of chloride ions.[37] However, in 

recent studies, the release of the drug release is regulated by pH. The surrounding pH of an 

ordinary cell is 7.2–7.4, while cancer cells often exhibit lower pH of 6.2–7.0. Entering the cell, 
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the pH of endosomes and lysosomes of a cancer cell is 4–6. If the drug carrier comes close or 

enters a cancer cell, this circumstance can be exploited to cleave pH-labile bonds and force a 

release of the drug.[38] This gives enormous advantages over the conventional way of 

administering the drug: On the one hand, due to long circulation times of the nanoparticles, the 

drug can be kept in the bloodstream until it encounters a cancer cell and then releases the 

drug.[39] On the other hand, there are far fewer side effects because the drug affects intact cells 

to a much lower extent. In addition, the dosage of the drug can be kept lower if the drug is 

mainly consumed by cancer cell instead of all cells.[40] In the example shown in Figure 5, it is 

evident that the side effects of DOX cause the mice to lose about 20 % weight after 24 days. In 

contrast, when DOX is administered to cancer cells in a controlled manner by conjugation to 

ND, the weight does not decrease with respect to the reference weight of the mouse that 

received only PBS. At the same time, tumor growth has been attenuated twice as well as with 

DOX. Additionally to that, Wang et al. found that the survival rate of ND-DOX treated mice 

was four times longer than of the mice treated with free DOX.[41]  

 

Figure 1-5.  In vivo  experimental results with ND-DOX-conjugate (NPDC) and DOX, in which 

phosphate-buffered saline (PBS) was used as a control.  A) Average whole mice weight 

intravenous injections every 5 days. B) Ave rage tumor volume change. C) Representative images 

of tumors from treated mice after 25 days. Reprinted  in part  from L. Li, L. Tian, Y. Wang, W. 

Zhao, F. Cheng, Y. Li,  B. Yang, J. Mater. Chem. B  2016 ,  4 , 5046, with permission from Royal 

Society of Chemistry. [38 ]  
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ND functionalized with polyethylene glycol (PEG) or polyglycerol and in which DOX is 

adsorbed/conjugated has already demonstrated high efficiency. Recent studies refine the 

interaction of ND surface, polymer and the release of active material.[37,38,42] Both, the ND and 

the ND-DOX, are not toxic to kidney, liver and spleen, while free DOX is toxic to kidney and 

liver.[41] In addition, due to their nature and size, NDs can cross the brain blood barrier and thus 

provide drug transport to the brain as well as interfere with the central nervous system.[43,44,45] 

Due to the high density of functional groups on the surface, especially in the case of detonation 

NDs, there is an enormous adsorption and desorption potential. As a result, NDs were already 

added to skin creams for skin care, skin cancer treatment and wound healing, among others.[46] 

However, the diversity of the ND functional groups seems to be crucial for adsorption. If the 

surface is homogenized, this may have a negative effect on the amount of drug adsorbed (but 

is positive in case of covalently bound drugs), as in the case of the attempt to use ND as HIV 

drug carriers.[47] Extending this, fluorescent nanodiamonds (fNDs) can be used to better track 

the proliferation of NDs and help to understand drug delivery mechanism.[44,45] Through fND, 

bioimaging can be achieved simultaneously to the drug delivery process, which can serve as a 

marker with the help of targeting molecules at the fND.[48]  

Bioimaging and Quantum Sensing 

In therapy and diagnostics (theranostics), fNDs , mainly with nitrogen vacancies (NV) defects, 

not only have the function to characterize of the stage of the disease, but they can also perform 

a therapeutic function. A major obstacle here is the absorption of excitation light and 

fluorescence signals by biomolecules, cells, tissues or organisms and body fluids. To avoid 

these interferences and autofluorescence of, for instance melanin, elastin, collagen, keratin, 

porphyrins and flavins, two regions in the near infrared (NIR) range have been identified that 

provide minimal or no interference. Detection in the short wavelength visible range (VIS) of 

around 400–700 nm can result in imaging problems caused by the compounds mentioned above. 

In order to avoid that hemoglobin and water are the main light absorbers, the 650–950 nm range 

(NIR I) was chosen as both compounds possess very low extinction coefficients in this region. 

In addition, in the NIR I range the light can penetrate tissue and the cell membrane and thus 

deep tissue imaging can be achieved. The NIR II range is located at 1000–1700 nm wavelength 

and can provide good imaging results in up to 1 cm of tissue.  
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Figure 1-6.  UV/Vis (black/grey curve) of hemoglobin and water and fluorescence spectra of fND 

with [NV] - center (red curve) with the respective NIR I window. Reprinted from V. 

Vaijayanthimala, P.-Y. Cheng, S.-H. Yeh, K.-K. Liu, C.-H. Hsiao, J.-I Chao, H.-C. Chang, 

Biomaterials  2012 ,  33 , 7794, with permission from Elsevier. [49 ]  

As a result of this wavelength limitation, fND for application in bioimaging need to be 

optimized for this to obtain meaningful results.[35,50–52] Bioimaging enables studies of organisms, 

at cellular and tissue level, and provides valuable information about biological processes. 

Nanodiamonds have been established as a contrast agent for magnetic resonance and 

photoacoustic imaging and as a probe for fluorescence imaging.[53] Diamond can incorporate a 

variety of optically and magnetically active defects in its sp3 matrix, which are suitable for 

bioimaging applications. Using defect structures, diamond particles with NV-centers can be 

used as fNDs for photostable labeling and nanoscale sensing in living cells and organisms. 

Thus, green fNDs can be used for super-resolution (SR) microscopy, such as stimulated 

emission depletion (STED) imaging[54] and stochastic optical reconstruction microscopy 

(STORM).[52,55] Because of its ability to produce targeted, multispectral contrast of specific 

analytes over various length scales, fluorescence microscopy is an indispensable tool in 

biological research.[52,56] Current fluorescent labels that find application in microscopy consist 

mainly of small molecules, dyes, as well as larger particles that may include hybrid structures, 

such as polymers loaded with organic dyes, as well as other materials that are intrinsically 

fluorescent by various mechanisms. ND offers a new technique for bioimaging. The emission 

of NV and SiV centers in fNDs is located in the region of NIR I. To generate the quality and 

purity of fNDs with certain defect centers, HPHT-ND are mainly used for the fabrication of 

such fNDs. The only disadvantage of NV centers is that their excitation wavelength is 510–
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560 nm, which leads to absorption of light by biomolecules and can attack tissue or lead to self-

interference. One solution to this can be binding of the fND to photon upconversion 

nanoparticles (UCNPs), like NaYF4:Yb,Er, which excite the NV centers of the ND in the NIR-I 

range.[31] 

 

Figure 1-7.  NDs on a core-shell photon upconversion nanoparticle (UCNP) @ SiO 2 with 

adsorbed DOX on the surface for drug delivery experiments in HeLa cells. Reprinted from K.  

Zhang, Q. Z. S. Qin, Y. Fu, R. Liu, J. Zhi, C. Shan,  J. Colloid Interface Sci.  2019, 537 , 316 with 

permission from Elsevier. [31]  

However, if the NV-center based systems cannot be modified to be able to use the needed 

wavelengths, then one can resort to other defect structures such as H3,[57] N3,[58] Eu-V[59] or Si-

V,[60] or even bind dyes to NDs that do not have defect structures.[61]  
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Figure 1-8.  Schematic illustration of prominent defect centers, such as H3, N3, NV -, C13, B, for 

bio-imaging and bio-sensing application with NDs.  Figure is adapted from M. D. Torelli , N. A. 

Nunn, O. A. Shenderova, Small  2019 , 902151 with permission to reprint from John Wiley and 

Sons. [ 52]  

A method that has so far only rarely found its way into bioimaging is the measurement in the 

NIR-II range using Raman spectroscopy of HTHP-NDs. While cells show significant signals 

at 2800–3200 cm-1 in the Raman spectrum, large HPHT-fNDs exhibit a significant peak at 

1332 cm-1.[62] In addition to the versatile properties of fND in imaging, the defect structures can 

additionally be used for sensing.[52] Through the influence of magnetic fields, the optical output 

of the [NV]--centers can be changed. Thus, among other things, the magnetic or electrical 

fluctuation in cells can be detected as well as their temperature or temperature change making 

fND favored for bioimaging and quantum sensing applications.[63–66]  

A recent milestone in the production of fNDs is related to an expansion of multicolor 

capability.[67] The recently developed method of rapid thermal annealing briefly exposes 

irradiated synthetic diamond powder to elevated temperatures, opening up new possibilities for 

the controlled production of particles containing H3 and N3 centers and thus, expanding the 

range of different colors of fNDs.[58] 
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Figure 1-9.  Illustration of the luminescence colors of the diamond powder as a result of rapid 

thermal annealing treatment at different annealing temperatures in the range from 1180  °C to 

2060  °C. Reprinted from L. Dei Cas, S. Zeldin, N. Nunn, M. Torelli, A. I. Shame s, A. M. Zaitsev, 

O. Shenderova, Adv. Funct. Mater.  2019, 29 , 1808362, with permission from John Wiley and 

Sons. [ 58]   

Due to their photostability, nontoxicity and sensing capability fND are highly desirable 

fluorophores for bioimaging but also very sensitive probes used for quantum sensing.[33,35,51–

53,68] Many existing methods for quantum sensing have major weaknesses, such as poor spatial 

and temporal resolution, low signal-to-noise ratio, unstable fluorescence emission, and limited 

operating time.[69] Sensing techniques based on defect-vacancy centers in diamond can be 

implemented at room temperature. Additionally, measurements with diamond are the only 

technique that allows measurements under extreme pressures. Furthermore, they have already 

been used in living cells, making them ideal sensors for nanoscale bioapplications.[70,71] 

If the defect structures are to be used, it must be ensured that the particles do not agglomerate 

and find their way to the target. Due to the versatile surface groups of the ND, a large variety 

of reactions can be carried out and thus not only the size, the behavior, or the interactions among 

the NDs can be significantly influenced, but also already well researched water-insoluble active 

ingredients can be bound and transported with the help of the ND. However, in order to 

investigate such reactions, it is important to understand how the surface of the ND is structured. 
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1.2.1 Surface Structure and Functionalization of Nanodiamond 

The surface groups of the ND are largely determined by the methods used for its purification, 

independent of their production by detonation synthesis or milling of CVD/HPHT diamonds.[72] 

As metal impurities and amorphous materials in the remain on the surface of the NDs, they  are 

air oxidized and then etched with acid mixtures of H2SO4/HNO3 or H2SO4/HClO4.
[73] 

Consequently, the surface is composed of multiple oxygenated moieties, such as carboxyl, 

carbonyl, ether and hydroxyl groups. To achieve a reaction with as many binding sites as 

possible on the ND surface, the surface should have as many identical groups for the coupling 

as possible. The surface can be modified in many ways.[4,6,8,74] 

 

Figure 1-10.  Schematic representation of typical surface reactions on ND surfaces. [35 , 74– 76]  

Hydrogen termination 

Diamond films, produced via the CVD process, have a hydrogen-terminated surface. 

Depending on the orientation of the layer, CH (111) or CH2 (100) groups are predominant on 

the surface. After the milling process, the NDs must be cleaned again, as described above, 

resulting in an oxygen-rich surface. The oxygen moieties must be reduced in order to get 

hydrogenated ND.[77] Since wet chemical methods for hydrogenation are not suitable for 
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diamond surface reaction, methods such as heating the NDs in a hydrogen atmosphere, 

hydrogen plasma or hot filament are good alternatives to reduce their surface groups to a large 

extent.[78] 

Oxygen termination 

A surface with functional groups containing oxygen is relatively easy to generate on 

nanodiamond. By treatment with ozone or oxidizing acids (HNO3/H2SO4 or H2O2/H2SO4), or 

by air oxidation, some alcohol moieties but mainly ketone groups as well as acid groups can be 

generated.[7,79] Ozone treatment of ND at low temperature leads to ozonides on the surface 

which can be transformed into aliphatic alcohols, ketones and carboxylic acids.[79] At higher 

temperatures and UV-irradiation, ozone treatment leads mainly to C=O groups.[80] Acidic 

treatment, on the other hand, leads to mainly acid groups on the surface.[81] Air oxidation does 

not only remove non-diamond carbon and allow to remove oxidized metallic impurities but also 

generates carbonyl and ether groups on the surface at temperature of 420 °C for DND.[82] 

However, during air oxidation the temperature should be observed, otherwise the diamond core 

will be oxidized and consumed as well.[83] Hydroxylation of the diamond surface can be 

achieved by reduction of surface carbonyl groups by borane or lithium aluminum hydride, 

treatment with Fenton reagent or mechanical treatment.[84] 

Nitrogen termination 

Apart from oxygen termination, the ND surface can also be terminated with other heteroatoms 

such as nitrogen-containing groups (NO2, CN, NH, NH2) and halogens (F, Cl). Chemically, 

nitrogen-containing compounds, such as polymers[29] or amino acids[85], can be stably attached 

to the otherwise very oxygen-rich ND surface, and also directly to the diamond lattice.[86] They 

are a versatile anchor point regarding functionalizations for bioapplications and are therefore 

of high importance.[75] However, the complete exchange of oxygen moieties by nitrogen species 

proves to be very difficult. Not only the orientation of the ND lattice plays a role ({100} favored 

over {111} and {110}), also the approach (wet chemical, plasma) influences the results in 

surface loading but also remaining groups.[87] Besides, a full coverage of the ND surface with 

amino groups has not been achieved so far. However, at small scale coverage with N and N/H 

termination of the surface using a  molecular beam has been achieved by Kawarada and 

coworker.[86]  
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Halogenation 

The situation is different with halogenation. Because fluorine, for example, is a poor leaving 

group, harsh methods can be used to fluorinate the surface of ND. One possibility is to thermally 

treat the material with F2/H2 gas or to ignite an SF6 plasma at the ND surface to produce C-F 

bonds.[85,88,89] A chlorinated surface of initially hydrogen terminated or graphitized NDs, on the 

other hand, can be produced by electron beam irradiation and thermal chlorination (Cl2 at 

600 °C, CCl4 at 500 °C).[90] Here, the source of chlorine is the chlorinated solvent (CCl4, CHCl3, 

CH2Cl2).
[89,91] The most unstable termination of halogenated ND surface is the brominated 

surface of ND, which is made from a hydroxylated surface with NBS. This creates a partially 

brominated surface, which can easily react, like chlorinated ND, with air humidity and 

oxygen.[92] 

Annealing 

Annealing consists of a thermal treatment of NDs at elevated temperatures in an oxygen-free 

atmosphere. In this process, the surface atoms reorient themselves, as surface groups and 

fractions thereof are cleaved as CO2/CO/H2 at higher temperatures. Depending on temperature, 

inert atmosphere argon/vacuum and time, a (partially) graphitized surface remains until carbon 

onion formation sets in. From 750 °C sp2 carbon is formed on the surface, from 900 °C even 

the diamond core is graphitized under high vacuum conditions leading ultimately to carbon 

onions for annealing at even higher temperatures.[93] 

Functionalization using diazonium salts 

Reaction with aryldiazonium salts provides a very versatile method for the functionalization of 

carbon materials.[94] In the reaction of labile diazonium salts with NDs, nitrogen (N2) is released 

while a very reactive carbocation is formed, which cannot be stabilized by the conjugated 

system because the positive charge is in the sp2 orbital perpendicular to the conjugated system 

of p orbitals. The very reactive species is suitable for the functionalization of various carbon 

materials. The actual mechanism has not been fully elucidated, though. Thus, the reaction could 

proceed via the cationic but also through a radical species. Although the functional group in the 

para-position is affecting the reactivity of the diazonium salt, in most cases the reactivity is high 
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enough to achieve a superior surface loading under suitable conditions.[95] At the same time, a 

large variety of functional groups can be directly grafted onto the ND surface through the 

exchange/protection or subsequent reactions of the para-position, which can even be monitored 

by FTIR/Raman measurements.[75] Since the original functionalization with aryl diazonium 

salts took place on carbon nanotubes in an electrochemical synthesis, the reactive species is 

assumed to be a radical instead of an cation intermediate. This is also applicable to other similar 

structures, such as fullerenes, carbon onions or annealed NDs.[96] However, if the ND is not 

surface-treated and, like purified DND, still has many oxygen-containing groups on the surface, 

the reactive species will generally react with heteroatoms of the ND surface. In this case, it is 

initially irrelevant whether the diazonium salt was prepared in situ from an aniline derivative 

or whether it is present as a tetrafluoroborate salt, for example. In addition, the reactivity of the 

salt can be significantly improved by mechanical processes such as grinding or ultrasonic 

treatment of the ND.[76,97] This has the advantage of not only increasing reactivity but also of 

grinding/dispersing the particles into homogeneous dispersions during and after the reaction. 

Thereby preventing agglomeration, the surface of the particles is also kept free for reactions 

with the diazonium salt, thus achieving a homogeneous "coating" of the particles.[76] 

Nanodiamond polymer coatings 

A suitably terminated surface not only allows a variety of surface reactions, but also tailored 

interactions with surrounding molecules, e.g. proteins in bio-fluids. One possibility to further 

modify ND surfaces is the binding of polymers via van der Waals forces, hydrogen bonds, 

electrostatic forces etc. or covalent attachment .[20,29,98] The applications of such polymer 

composites are manifold, such as bone tissue engineering, imaging etc. (see above). In these 

composites the purpose of ND is to improve e.g. the Young’s modulus, hardness, tensile stress, 

strain at break, cell proliferation and differentiation, thermal conductivity, decrease contact 

angle and to improve the friction coefficient.[20] Depending on the desired set of properties, 

different combinations of (functionalized) ND and polymer can be chosen. Polyethylene glycol 

is used to enhance the solubility of ND in physiological media but also make ND in some cases 

more biocompatible and help to carry drugs.[99] Polylactic acid (PLA) is nowadays known as 

filament material for 3D printing and is strengthened (improved hardness and Young’s 

modulus) by adding ND as crosslinker into the polymer raw material.[100] G. Y. Ahn et al. 
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showed that only 1 wt% of ND as composite in polycaprolactone (PLC) can enhance tensile 

properties, proliferation and differentiation of MC3T3-E1 cells with the potential for 

application as bone replacement composite.[101] In poly(lactic-co-glycolic acid) (PLGA)[26,102] 

ND helps to enhance mechanical properties for bone tissue engineering, polyvinyl alcohol 

(PVA)[103] and chitosan[104] ND-composites improve in hardness and Young’s modulus, while 

polyethylene (PE)[105] composites improve also thermal and tribological properties. 

Considering the advantages of ND in polymeric scaffolds, research on ND polymer composites 

enables a novel application for tissue engineering.[106] 

1.2.2 Nanodiamond and Protein Interaction 

The versatile surface of ND not only enables many reactions but also shows a high propensity 

to adsorb/desorb molecules. It works particularly well because hydrogen bonds are created 

easily between ND and biomolecules, or when opposite charges on the ND surface and 

biomolecules attract each other. Therefore, interaction with biomolecules, such as proteins or 

DNA is easily achieved.[107,108] When NDs presenting a variety of surface groups (see chapter: 

Surface and functionalization of nanodiamond) are exposed to a bio-liquid, numerous bio-

molecules adsorb on the surface.[109] This is also the case in typical cell testing setups using 

fetal bovine serum (FBS), for instance. Once serum proteins are adsorbed in situ, this process 

is often irreversible due to a large number of binding sites, thus creating a shell of strongly 

bound proteins surrounding the actual nanoparticle. This newly formed shell around the particle 

is called "protein corona". This layer is not only neglected in many studies, but also 

intentionally induced to make ND colloidally more stable in bio-fluids in the presence of salts 

and to improve their uptake in cells.[108,110] The protein corona is generally divided into two 

zones/areas, namely the "soft corona" and the "hard corona". In the adsorption process, weakly 

interacting biomolecules, which however have a higher mobility due to their size, are first 

adsorbed on the surface (soft corona), which are subsequently replaced by molecules with 

stronger affinity, forming the hard corona.[111] This reorganization was already known as 

Vroman's model in the 1960s and has been confirmed by more recent studies.[112]  
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Figure 1-11.  Schematic illustration of the evolution of soft and hard corona and its pros and 

cons on nanoparticles for bioapplications . [ 113 ]  

Since NDs are often used for sensing, and therefore have targeting molecules on their surface, 

or are used as drug carriers, it is essential that the surface is functionalized in a controlled 

manner. Only in this way interactions with cell walls and membranes and targets can be 

assessed and controlled.[114] However, if an irreversibly bound protein corona is covering the 

surface of the functionalized NDs, it will inevitably result in neither drug nor targeting 

molecules being able to fulfill their purpose. In addition, depending on the stage of the corona, 

the colloidal stability and size of the particles will change.[115] To prevent such a loss of control, 

there are a number of ways to protect nanoparticle surfaces from uncontrolled adsorption of 

proteins.[116] One common method is to create a protective shell of e.g. polyethylene glycol or 

polyglycerol around the particles, which largely suppresses adsorption.[117] However, the same 

problem occurs with a polymer shell as with the corona, the original surface is largely 

shielded.[118,119] An alternative is an ionic layer consisting of one or more functional groups. A 

measure of the effectiveness of this functional groups comes from following the so-called 

"Whiteside rules", which state that the surface groups must 1) be hydrophilic, 2) have hydrogen 

bond acceptors, 3) have no hydrogen bond donors, and 4) have their overall charge 

neutral.[119,120,121] The resulting layer allows proteins to be repelled while controlling surface 

groups. One possible solution that fulfills all four rules is the use of zwitterionic groups attached 
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to the nanoparticle surface. A positive side effect is that the colloidal stability in aqueous 

medium is significantly improved, leading to prolonged circulation time. [119,122,123] 

1.2.3 Nanodiamond Toxicity 

With a large variety of methods available to control surface chemistry without shielding the 

ND surface, the question arises how biocompatible ND is. Toxic behavior results in the 

requirement for safe encapsulation by e.g. biocompatible polymers such as PEG. Recent studies 

show that ND is largely non-cytotoxic against diverse cell types such as neuronal, lung, renal, 

cervical cells and human breast adenocarcinoma cells.[29,33,124,125] This makes ND a promising 

candidate for bioapplications compared to other carbon materials.[8,126] 

However, when a model insect species, Acheta domesticus, was exposed to ND in its diet, 

endpoint indices (lifespan, body weight, consumption, fecal caloric value, reproduction) 

showed adverse changes in ND-fed crickets compared to the control group. Oxidative stress 

levels in the ND-treated crickets' offspring however indicate that the toxicity of these particles 

is limited to the exposed individuals.[127]  

A recently published study highlights the toxicity tests of fNDs using the very sensitive 

zebrafish embryo model in vivo. As a result, up to a rather high concentration of 1 mg/mL, no 

differences were detected between the control group and the embryos exposed to the fNDs. 

However, it should be noted that the two highest concentrations, 2 mg/mL and 5 mg/mL (which 

is an enormously high concentration), leads to a curved caudal fin of the zebrafish after hatching, 

which was previously attributed to a negative influence on the pharyngula stage of the 

embryos.[128] At the same time, a study that injected fNDs into worms (C. elegans) and fed them 

with fNDs indicated that neither oxidative stress nor disadvantages in reproduction were 

seen.[129] Low toxicity can only be detected at an enormous concentration of 400 mg/mL in a 

kidney cell, due to a moderate loss of viability of about 5–10%.[130] Analysis of various tissues 

and organs showed that fNDs were not toxic up to 75 mg/kg body weight. The particles were 

administered intraperitoneally to the live rats and these were studied for 5 months.[49] A study 

that investigated the dependence of toxicity on the sp2/sp3 ratio indicates that DND is not an 

inflammatory or toxic material, but suggests that sp2 carbon contamination in DND may be a 

hazardous factor for biomedical application of DND.[131] In non-human primates and rats, it 
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was found that no toxic side effects occurred up to 25 mg/kg and it was suggested that a clinical 

DND monotherapy dose should be between 6.75 and 13.5 mg/kg.[132] 

It can be assumed, especially in the case of DND, that a large degree of impurity associated 

with the manufacturing method, may influence, or even cause, a large part of the toxicity.[8] For 

example, a higher survival rate of bacteria can be demonstrated if the DNDs have been carefully 

cleaned (acid cleaning followed by air oxidation) beforehand (G02 grade).[133] Other studies 

also show, as summarized by Mochalin and Turcheniuk,[8] that toxicological studies with 

purified NDs and plausible particle concentrations, show no toxic effects[14,49,129,130,132,134], 

while others with NDs used without further purification or extremely high 

amounts/concentrations often show toxic side effects in the studies.[135] 

1.2.4 Nanodiamond and Antibodies 

If functionalized NDs are to be used in imaging or sensing, targeting is often required to achieve 

sufficient levels of ND concentrations at relevant locations. Without targeting, NDs are 

typically found in liver and spleen and other organ tissues, but cannot e.g. be enriched in the 

vicinity of tumors.[125] One way of targeting is to use antibodies that can bind, for instance, to 

the nuclear pore complex, and thus provide for an accumulation of the particles at the cell 

nucleus.[136] Successful experiments have already been performed using ND and CNT coated 

on silicon substrates to bind highly specific anti-Salmonella and anti-Staphylococcus aureus 

antibodies. By scanning electron microscopy, it was found that the binding of the hydrophilic 

surfaces (ND) was significantly better than that of the hydrophobic surface (CNT).[137] 

Examples of successful grafting of ND with antibodies have been presented in further 

reports.[138] Targeting using fNDs as carriers are mainly used for cancer/tumor diagnostics.[139] 

Recently, adsorbed antibodies on fND were used to target efficiently yeast cell nuclei and the 

high potential of this method can be demonstrated by monitoring the targeting by sensing with 

NV centers.[140] 
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Figure 1-12.  Schematic representation of the targeting strategy in a yeast cell. An antibody (ab) 

is linked to fluorescent nanodiamonds (fNDs). The fND –antibody (fND-ab) conjugate is ingested 

and accumulates at the surface of the nucleus. Adapted from A. M orita, T. Hamoh et al . [1 40]  

1.3 Nanodiamond as a Sensor 

NV centers in diamond can sense magnetic fields, electric fields, temperature, crystal strain, 

and optical near fields. Furthermore, NV centers in diamonds are outstanding for entanglement 

or superposition of quantum states, which so far is not achieved by any alternatives material 

under same conditions.[64,71,126] 

When magnetic fields induced by e.g. ferritin,[71,141,142] manganese,[142] gadolinium[143] or 

magnetic nanoparticles[144] are causing magnetic noise close to a NV center in diamond, its T2 

spin coherence time is reduced. Consequently, biomolecules containing such magnetic field 

triggers can be detected. Alternatively, NV centers can measure electric field and 

temperature,[63–66] which can be important for cell[145] and intraneuronal[146] monitoring.[147] 

Using fNDs on e.g. a cantilever allows to directly sense mechanical strain.[71,148,149] In addition, 

very promising imaging techniques are possible when near-field energy transfer processes, such 

as Förster resonance energy transfer (FRET) are used to exchange energy between a donor and 
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acceptor. In this process, the non-radiative energy exchange will always result in reducing the 

excited state lifetime and fluorescence rate of the donor.[71,150] However, the process occurs 

only over small path lengths of <7 nm but mostly around 2 nm and is only dependent on linking 

of the dye to the ND, but also the position of the NV center in the ND.[50,129,150] 

 

Figure 1-13.  Schematic illustration of a Förster resonance energy transfer between NV - and a 

fluorophore (top) and bio label example (bottom). Reprinted from N. Mohan, Y.-K. Tzeng, L. 

Yang, Y.-Y. Chen, Y. Y. Hui, C.-Y. Fang, H.-C. Chang, Adv. Mater.  2010, 22 , 843, with 

permission from John Wiley and Sons. [1 51]  

Challenges related to the use of NV centers are the non-uniform fabrication methods of NV 

defects and their proximity to the diamond surface, which can influence defect centers.[149,152] 

Nevertheless, most sensing applications are still based on NV centers. Other defect centers such 

as the SiV center, which have a narrow emission spectrum at room temperature, in addition to 

their short state lifetimes (1.7 ns), may also be suitable as acceptors in the FRET process.[153] 

ND, in addition to direct measurement using NV/SiV centers, can also help detect substances 

as part of a 2D electrode. For instance, when it comes to tracing contaminants in wastewater, 

nanodiamond can help to detect how much phenolic compounds are present in the water using 

cyclic voltammetry (CV) analysis on an electrode. However, the preparation (12 h dispersion 

of boron doped ND, amorphous carbon and graphene to always same size, making a 
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reproducible coating on the electrode, and repeating the experiments for CV) are demanding 

compared to conventional organic fluorescent probes, which only need to be added to the water 

sample and their excited state to be examined.[154] In general, probes on a ND basis (or 

containing ND) provide good sensitivity for heavy metals (Cd2+, Ni2+, Mn2+, Co2+, Pb2+) in 

water,[155] and Cr3+ in urine[156] or can even extract Pb2+ and Cu2+ from wastewater.[157] Mostly, 

however, the ND is not used for detection directly through defect centers but for stabilization 

of non-water soluble complex conjugates of other nanoparticles, carbon nanotubes, graphite, 

graphene or inorganic salts in water or more complex media (cell solution, urine, salt solutions, 

acidic/basic conditions).[155,156] 

The material mixtures for 2D electrode coatings (e.g. graphene or carbon nanotubes) with NDs 

described above show that they are very sensitive to certain metal ions. However, the 

application of such materials in wastewater has the disadvantage that e.g. graphene and carbon 

nanotubes can cause toxic side effects.[158] Probes, which are ND-based, can potentially offer 

important advantages, such as higher surface area compared to the 2D electrodes which are 

used for CV. But also avoiding toxic materials and colloidal stability in complex media are 

potential advantages of ND-based probes. When ND is covalently bound to cellulose and urease, 

urea is indirectly detected in an aqueous medium by the enzymatic cleavage of urea into 

ammonia and carbon dioxide through urease salicylate-hypochlorite method.[159] Another 

example are saccharides that are covalently attached to ND proved a unusually simple detection 

method. When these conjugates are exposed to a type 1 fimbriated uropathogenic E. coli in 

solution, mechanically stable aggregates are formed, which not only allows detection with the 

naked eye, but also the bacterial ND agglutinations can be removed by filtration and the ND 

recycled by addition of methyl α-D-mannopyranoside (a competing inhibitor of the binding of 

mannose by E. coli.).[160] 

For all the promising applications developed so far with NDs to detect heavy metals or other 

substances of concern in wastewater, the application of NDs as a carrier for water-insoluble 

organic sensors has been overlooked. As already demonstrated for numerous bioapplications, 

NDs can be functionalized in an extremely versatile manner. Furthermore, as demonstrated by 

the applications in the sensor field, NDs can help many materials otherwise insoluble in water 

or of biological concern, such as carbon nanotubes, bound to NDs to become not only less of a 
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concern but also water soluble. How ND can be used as a carrier for chemosensors and how 

such a chemosensor system can be designed will be discussed in detail in the next part. 

1.3.1 Fluorescent Sensor - Building Strategies for Cation Recognition 

Heavy metals dissolved as salts in water or solvents can cause tremendous environmental 

pollution. Due to the ubiquitous use of such metals in industry, agriculture, households and 

technology, harmful effects are diagnosed in plants, animals and human.[161,162,163] If an 

organism is exposed to heavy metals, toxic effects can set in very quickly. Heavy metals can 

bind biomolecules in various oxidation states and then alter or block important functions of 

vital metal complexes. Control mechanisms of the organism are bypassed and toxic effects 

occur.[163,164] To prevent or at least notice the release of heavy metals into the environment as 

early as possible, monitoring mechanisms must be implemented where these metals are 

used.[162,165] 

By analyzing and monitoring leaking liquids, such as coolant (water), a wide variety of heavy 

metals can be detected if there is a possibility to test all metals used. A simple method is the 

use of chemosensor molecules, which, after addition to the analyzing solution, change their 

fluorescence in a very short time due to their interaction with the metal and thus indicate the 

type of metal cation as well as its concentration.[166] 

Such chemosensors consist for the most part of a fluorophore connected to the ionophore 

directly or with the aid of a spacer.[167] While the fluorophore is responsible for the signal, i.e. 

fluorescence change, the ionophore is responsible for the interaction with the cation. If an ion 

is complexed in the ionophore, energy transfer, electron transfer, charge transfer to the 

fluorophore, or an excimer/exciplex are formed or prevented.[168] 
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Figure 1-14.  Schematic illustration of general fluoroionophore building strategies . Adapted from 

B. Valeur and I. Leray. [16 8]  

A fluorophore being used extensively is pyrene, which stands out due to its unique 

properties.[169,170] 

1.3.1.1 Fluorophore – Pyrene 

Pyrene, a polycyclic aromatic hydrocarbon (PAH) that was discovered by Auguste Laurent in 

1837 by extraction from coal tar, has been the focus of extensive studies due it unique 

photophysical properties. It is well known for its excimer and exciplex formation, its 

exceptionally long-lived singlet excited state of 354 ns, its high fluorescence quantum yield and 

sensitivity of its excitation spectra to environmental changes.[171,172] Consequently, pyrene 

derivatives have already been used in applications such as synthetic dye production, 

fluorescence labeled polymers, sensing of temperature, pressure, pH, or to detect guest 

molecules such as organic molecules or metals.[168,171,173,174] However, pyrenes have also been 

of great interest to application fields such as organic semiconductors as it possesses high 

chemical stability and charge-carrier mobility. Therefore, pyrene derivatives have been used in 
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organic light emitting diodes (OLEDs), organic field-effect transistors (OFETs) and organic 

photovoltaic cells (OPVs).[171,173,175] 

 

Figure 1-15.  Schematic illustration of the a) Cartesian coordinate system used for pyrene ,  b) 

LUMO(+1) and HOMO(-1) of pyrene. Reprinted from J. Merz, J. Fink, A. Friedrich, I.  

Krummenacher, H. H. Al Mamari,  S. Lorenzen, M. Haehnel,  A. Eichhorn, M. Moos, M. Holzapfel 

et al. , Chem. Eur. J.  2017 ,  23 , 13164, with permission from John Wiley and Sons. [ 17 6]  

However, most of the used pyrene derivatives involve substitution at one or more of the 1-, 3-, 

6-, and 8-positions, which are the sites of maximum contributions of the HOMO and 

LUMO.[171,177–180] Consequently, electrophilic aromatic reactions take place at these positions 

whereas substituting pyrene at the 2- and 2,7-positions is rather challenging since a nodal plane 

in the HOMO and LUMO passes through these positions.[177,178] Nevertheless, it has been 

shown that the photophysical properties of pyrenes substituted at the 2- and 2,7-positions differ 

from those substituted at the 1-position.[178,181]  However, these positions were only accessible 

through indirect methods until Marder and co-workers reported a general and selective method 

to functionalize the 2- and 2,7-positions of pyrene via a sterically controlled Ir-catalyzed C-H 

borylation reaction.[179,182] To understand the effect of substitution on pyrene, it is necessary to 

obtain a good picture of the photophysical properties of pyrene.  

The absorption spectrum of unsubstituted pyrene consists of four bands with the first transition 

band (S1←S0) at 372 nm (ε = 510 mol-1 cm-1 L) being very low in intensity.[178] The reason for 

this is that the S1←S0 transition is the result of a configuration interaction between HOMO-
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1→LUMO and HOMO→LUMO+1 and the respective transition dipole moments of these two 

contributions cancel each other. Consequently, the S1←S0 electronic excitation is transition 

dipole forbidden, which results also in a forbidden fluorescence from S1 and, therefore, the S1 

state is long-lived. The S2←S0 transition at 334 nm is based on the HOMO→LUMO transition 

and is allowed with ε = 55 000 mol-1 cm-1 L. The higher S3←S0 transition at 272 nm 

(ε = 54 000 mol-1 cm-1 L) is also the result of a configuration interaction between HOMO-

1→LUMO and HOMO→LUMO+1 of pyrene but with the respective transition dipole 

moments enhancing each other. The S4←S0 at 243 nm (ε = 88000 mol-1 cm-1 L) is based on the 

HOMO-1→LUMO+1 transition and strongly allowed.[183] 

As the S1←S0 transition involves the HOMO-1 and LUMO+1 that have non-zero contributions 

at the 2,7-positions, substituents can influence this transition depending on the electron 

accepting/donating ability of the substituent.[176,178,181,184] Thus, derivatives with a S1←S0 

transition that have larger bathochromic shifts and increased allowedness can be achieved 

which is reflected by higher extinction coefficients and shorter lifetimes. As the S2←S0 

transition involves the HOMO and LUMO that have nodes at the 2,7-positions, this transition 

is not affected for 2- or 2,7-substituted pyrenes. In contrast, functionalizing pyrene at its 1-

position has a strong influence on the S1←S0 and S2←S0 transition because all orbitals involved 

in these transitions have non-zero contributions. Thus, pyrene derivatives with very short 

lifetimes are obtained.[178] In summary, pyrenes functionalized at the 2-position are highly 

desirable for use as chemosensors due to their long lifetimes. However, only a few 

chemosensors based on pyrenes functionalized at their 2-position have been reported to 

date.[170,185]  

1.3.1.2 Ionophore – TEG and Triazole 

Poly(ethylene glycol) (PEG) is a widely used ionophore for binding alkali metal ions similar to 

crown ethers and it forms conjugates with biologically important substances, such as drugs.[186] 

Particles stabilized with PEG by coating the surface of the particles, or the polymer particles 

per se, are particularly colloidally stable and readily dispersible in aqueous media. This is based 

on two phenomena: On the one hand, entropic repulsion, which is based on the tendency of the 

polymer to maintain the freedom of a random winding, leads to steric stabilization, and on the 

other hand, osmotic repulsion of the PEG layer/particles increases, which ensures that "bound" 
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water can no longer be easily released.[121,187] However, if PEG is intended for bioapplications, 

metal ions and oxygen in the bloodstream or cells can cause toxic degradation products to be 

formed from PEG.[188,189] This can however be circumvented as a shorter glycol chain is 

sufficient to take advantage of the benefits of PEG. The optimal toxicity profile is obtained with 

a chain length between two and six glycol moieties.[189] With tetraethylene glycol (TEG), good 

dispersibility, colloidal stability and hydrophilicity are likewise achieved.[123] 

Bound to hydrophobic molecules, TEG can render them water-soluble and conjugates can be 

purified by chromatography. Additionally, TEG has the property of providing crown ether-like 

properties leading to improved coordination with metal ions.[190] 

If TEG, which like crown ethers is very good at coordinating metal ions, is extended with 

further heteroatoms, new coordination possibilities are opened. A good way to functionalize 

TEG with heteroatoms is a [3+2] cycloaddition between an azide and an alkyne using elevated 

temperatures for a 1,3-dipolar cycloaddition (Huisgen) or, because uncontrolled two the 1,5- 

and the 1,4-isomer can be formed, a Cu(I)-catalyzed click reaction leading exclusively to the 

1,4-isomer.[191] After a click reaction, a 1,2,3-triazole is generated and opens up a binding 

possibility between fluorophore and ionophore while TEG can function as both, spacer and 

ionophore. The resulting triazoles are known to bind well to metal ions and, for example, dyes 

that are functionalized with triazoles by a click reaction can act as a chemosensor.[191,192] 

1.3.2 Nanodiamond Sensors 

In summary, the above discussed topics demonstrate that ND is an outstanding material with 

high potential as a chemosensor using additional detection principles apart from the 

luminescence of lattice defects. Due to their very large surface area relative to their core and 

their versatile surface groups, NDs are additionally highly modifiable.[6–9] Further, by grafting 

the surface groups with more complex molecules, such as biopolymers, targeting molecules or 

catalysts, and manipulating the diamond lattice, ND has a high potential for a wide range of 

applications such as tribology, imaging, quantum sensing, tissue engineering, nanocomposite 

core material and additive for polymers. Additionally, fND makes all kinds of ND applications 

even more interesting by enabling sensing and bioimaging.[3,10,193] Within the carbon 

nanoparticle family, ND is an excellent candidate for biomedical applications.[11] Studies show, 
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as summarized by Mochalin and Turcheniuk, that purified NDs and at plausible particle 

concentrations, show no toxic effects.[8] Due to its largely non-toxic behavior in vivo, it can be 

used for drug delivery, biological imaging and sensing. Especially DND is a cheap and easily 

accessible material for bioapplications.[12–15]  
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1.4 Outlook and Remaining Challenges 

1.4.1 ND-Zwitterion Based Drug Delivery 

In this work it is shown how advanced zwitterionic moieties on ND surface can be used to 

successfully prevent NDs from protein adsorption and simultaneously enhancing colloidal 

stability in water and physiological fluids. The key behind this advantage is overall neutral 

charge of the surface and the extremely high affinity towards water. Shown by Rotello and 

coworkers, TEG-based chains with polar headgroups on the surface can be used as shielding 

sphere which can also be used to entrap hydrophobic drugs inside.[194] However, due to the 

highly adsorbing surface of ND, the loading of such a drug can be very high. When drugs are 

adsorbed in hydrophobic environment, by changing the solvent water, all adsorbed drug is 

trapped and can be release very slowly. Whereas the unfunctionalized surface auf ND can 

exchange freely with surrounding solvent and therefore desorb drug molecules from the surface 

quicker. 

 

Figure 1-16.  Schematic presentation of zwitterion fun ctionalized ND compared with non-

functionalized ND for drug delivery interactions in water.  

For such an application, it is necessary to know how many of the zwitterions are needed to 

observe a positive effect on both colloidal stability/protein interaction and drug adsorption and 

desorption. From previous work it can be assumed that a smaller amount of zwitterionic 
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molecules would be sufficient to protect the surface from protein adsorption. To open the 

surface for targeting molecules, such as antibodies, but also covalently bound drugs, the optimal 

amount of zwitterions need to be determined. The structural composition of the chosen 

zwitterion could also be reconsidered with the aim to develop an efficient synthetic approach 

requiring less steps (currently, seven reactions before binding to the ND). Possibly a simple 

mechanochemical grafting (milling/bead-assisted ultrasonication) with amino acids could work 

in a similar way. 

1.4.2 Chemosensors for in vitro and in vivo Investigations 

The building block principle of the chain with azides has led to the construction of a sensor by 

click reaction of the azides with 2-ethynylpyrene. This sensor can not only detect Cu2+, Hg2+ 

and Pb2+, but can also be used in water if bound to the surface of ND. At the same time, excimer 

formation is prevented by the construction of the chain. 

 

Figure 1-17.  Schematic illustration of a potential multimodal ND sensors combining the usage 

of fND for imaging purposes and a chemosensor for simultaneous cation de tection inside in a 

cell.  
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Thinking one step further, such a system could be used with fND as the nanoparticle base not 

only as a chemosensor but also for imaging in vivo or in vitro. Due to the absence of excimer 

formation of the pyrene probe (usually between ~450–600 nm) the absorption and emission 

wavelength (230–350 nm and 370–530 nm) of the pyrene probe does not overlap with the fND 

excitation wavelength (532 nm). Thus, if no other major energy transfer takes place, both 

systems can be excited and detected independently from each other using fluorescence 

microscopy. Even if the sensor loses up to 90 % of its original fluorescence intensity, for 

example, due to extremely high Cu2+ concentrations, the NV center can always be used to detect 

its location. 

1.4.3 Modifications of the Chemosensor Molecule for more Advanced Usage 

In future work, a combination of sensing ability and colloidal stabilization could be achieved 

using the principles presented in this work. The chain (TEG) not only connects the ND to the 

sensor, but also serves as an ionophore for potential complexation, and can additionally serve 

as a colloidal stabilizer. Analogous to the sensor from this work, the head group is formed from 

three 1,2,3-triazoles that connect the chain to the fluorophore in a click reaction and 

simultaneously act as part of the ionophores. Additionally, the pyrene head group could be 

equipped with a zwitterion at the 7-position that protects the fluorophore and thus the diamond 

surface from protein adsorption. 
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Figure 1-18.  Hypothetic chemosensor system attached to ND which could potentially combine 

the properties of zwitterions and the sensor system.  

If surface functionalization with zwitterions and a chemosensor would be combined, then 

potentially both positive effects, namely the prevention of protein corona and colloidal stability 

provided by the zwitterion headgroup and the sensor ability of the pyrene headgroup, could be 

merged in one functional unit. As a result, this could prevent possible blockage of sensing 

capability in complex media by a protein corona formed in the case of unprotected sensor 

moieties. 
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The following section is slightly modified and reproduced from V. Merz, J. Lenhart, Y. 

Vonhausen, M. E. Ortiz-Soto, J Seibel, A. Krueger, Zwitterion-Functionalized Detonation 

Nanodiamond with Superior Protein Repulsion and Colloidal Stability in Physiological Media, 

Small 2019, 15, 1901551, with permission from Wiley-VCH. 

2.1 Introduction 

Surface functionalization of nanodiamond (ND) is an essential tool to control the chemical, 

physical and physiological behavior of these materials.[1,2] Within the carbon nanoparticle 

family, ND is an excellent candidate for biomedical applications.[3,4,5] Due to its largely 

nontoxic behavior in vivo it can be used for biological imaging,[5,6] sensing[3,7] and drug 

delivery.[3,8] Additionally, the variety of functional groups on the surface of nanodiamond, 

which also can be adjusted, may be used in a wide range of chemical reactions.[1,9,10] When NDs 

are exposed to bio-fluids, such as FBS, proteins adsorb on the surface of the particles and form 

in situ a “protein corona”.[11–13] The protein corona can have a positive effect on ND’s colloidal 

stability in the presence of salts and their uptake in cells.[13,14] However, the protein corona 

masks all the desired functionalities on the surface and changes the interaction with the 

surrounding fluid. Both, the colloidal stability and the physiological properties are not 

controllable anymore.[3] For the intended application of labelled NDs as markers, for imaging 

and for drug delivery, this alteration of the original diamond properties poses a major challenge. 

Therefore, the control of the surface to regulate the charge and agglomeration ability have to 

be investigated and improve to the effect of better hydrolytic stability. For other nanoparticles, 

different strategies involving the covalent binding of functional moieties have been discussed 

in the past. Successful examples included the grafting of ethylene glycols and zwitterionic 

moieties resulting in non-fouling nanoparticles with high colloidal stability.[7,15–17]  

For ND, several examples for the coating with biocompatible shells, typically poly(ethylene 

glycol) (PEG) or PEG based systems, either adsorbed or covalently bound, are applicable in 

medicine and biology have been reported.[18,19] Due to the interaction with water, the ND’s 

PEG-shell and other hydrophilic shells, for instance sugar, are strongly solvated, and thereby, 

it is protected from interactions with biomolecules in physiological media, resulting in colloidal 

stability.[20] It has been known for a long time, that the dispersibility of PEG stabilized particles 

is due to a combination of different factors. On the one hand, the entropic repulsion based on 
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the tendency of the polymer to retain the freedom of a random coil leads to a steric stabilization. 

On the other hand, the so called osmotic repulsion, which describes the resistance of the PEG 

shell to release any surrounding water enhances the colloidal stability.[21] However, one 

negative aspect associated with PEG is the formation of toxic degradation products due to its 

decomposition in physiological environments caused by oxygen and metal ions.[22,23] Thus, for 

long circulation times, the toxicity of PEGylated nanoparticles is substantially induced by this 

outer shell. Another disadvantage of PEG for colloidal stabilization is the length of the chain. 

For best repulsing interactions between proteins and PEG, the molecular weight of PEG has to 

be in the range of 500 to 2000 g/mol.[24] Thereby, not only the actual size of the nanoobject is 

significantly increased but a defined surface chemistry is difficult to maintain since the surface 

would be completely covered with PEG.  

With the help of surface assembled monolayers (SAMs) of lipid-oligo(ethylene glycol) it has 

been found that a minimum of three ethylene glycol moieties is required to observe repulsion 

forces between the triglycol-functionalized surface and proteins.[25] It was found that an optimal 

toxicity profile is obtained with chain lengths between two and six glycol moieties.[23]  

However, to fully harness the properties of nanodiamond not only the surface functionalization 

with oligo ethylene glycols has to be ensured in a defined way, but also the head group (HG) 

of each moiety is of great importance. The HGs interact as an outer shell directly with the 

components of physiological media and water and thus directly influence the dispersibility of 

the nanoparticles.[15] Additionally, HGs can be used in many applications, for instance to bind 

drugs or labels and to incorporate the nanoparticles in composite materials.[26]  

It has been reported that suitable HGs enhance colloidal stability and improve the non-fouling 

characteristics of organic nanoparticles or hydrogels by using them as ionic shielding.[27] When 

HGs are positively or negatively charged they can repulse ionic molecules or nanoparticles with 

the same charge, but unfortunately, they will be highly attractive for oppositely charged ions. 

This can result in binding certain charged amino acids or even DNA.[21,28] For the control of 

colloid stability and protein adsorption in a physiological environment, this property however 

is rather detrimental. 

Based on this knowledge, zwitterionic HGs attracted much attention due to their highly 

repulsive interaction with proteins.[16,17,29,30] From the four “Whiteside rules”,[31] this behavior 
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can be rationalized: namely, zwitterionic moieties are highly hydrophilic (rule #1), possess 

hydrogen bond acceptors (#2) but no donors (#3) and they exhibit an overall zero net charge 

(#4).[16,25,32]  

Combining now the beneficial properties of these zwitterionic head groups with the properties 

of oligo ethylene glycol functionalized nanoparticle surfaces should yield ND particles with a 

unique set of colloidal and non-fouling properties in physiological media. Here, we report on 

the synthesis and characterization of nanodiamond conjugates with a hierarchical surface 

architecture with zwitterionic headgroups attached to a well-defined linker structure and the 

behavior of these conjugates in protein containing cell culture media and buffer solutions. 

2.2 Results and Discussion 

In order to combine the beneficial properties of different functional elements, the nanodiamond 

surface has been modified in a hierarchical way. We use techniques known for the direct 

grafting onto detonation nanodiamond[9] and immobilize TEG chains[25,33] functionalized with 

zwitterionic HGs (Figure 2-1).[30,34] In order to obtain small particles, deagglomeration of the 

pristine DND powder is achieved using mechanical methods.[10] 

To render ND applicable for cellular uptake, the pristine detonation nanodiamond has to be 

deaggregated. Usually, the size of aggregates is larger when the samples are stored as dry 

powder. Thus, in the past, some of us reported a method to deaggregate and deagglomerate the 

individual particles while dispersing them in water without the addition of surface-active 

agents. (Figure 1 (A)).[35] The latter should be avoided by all means for biological applications 

as detergents strongly interact e.g. with cell membranes.[36] Another issue related to 

agglomerated nanoparticles arises from buried, uncontrolled surface that could be liberated in 

the course of subsequent steps or in contact with bio-fluids. Therefore, such surfaces need to be 

accessible also for the initial steps of the functionalization in order to ensure a homogeneous 

coverage. The mechanochemical deagglomeration has proven to be highly effective to ensure 

homogeneous functionalization of the individual nanoparticles (Figure 1 (B), step 2).[10] Here, 

benzoic acid groups have been chosen as the initial short linker as this modification also results 

in an inversion of the zeta potential from positive (ca. 38 mV) to negative (ca. -30 mV). The 

change in zeta potential not only allows the monitoring of the reaction progress but also 
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provides highly charged, water-dispersible ND particles with very low particle size. Using the 

carboxylic groups as anchor points, the selected chain system can be grafted in a subsequent 

step (Figure 1B, step 3). Figure 2-2 shows the series of prepared ND conjugates carrying 

different types of linker chains and headgroups.  

 

Figure 2-1.  Overview of (A) the preparation of individual ND particles prior to their 

functionalization by milling in aqueous suspension and (B) hierarchical structure of the ND 

surface architecture achieved in four general steps: preparation of milled ND (step 1), grafting 

of short linker (step 2),  grafting of a structural element chosen from hydrophobic chain, 

hydrophilic chain and splitter (step 3), choice of HG (step 4).  
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Figure 2-2.  Nanodiamond conjugates with different surface functionalization synthetized in this 

work.  

The grafting onto the benzoic acid was performed by the formation of amide and thioester bonds 

with two different types of chains based on a variety of the three parts of step 3 (Figure 1 (B)). 

In order to study how the hydrophobic, hydrophilic part and the splitter group would influence 

the interaction of the ND surface with bio-fluids, several test systems were grafted on ND 2-3. 

Comparative data was obtained from ND 2-4, 2-5 and 2-6 which are designed for investigating 

only one chain section, either the hydrophilic or hydrophobic chain, whereas ND 2-7 carries a 
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combined chain with the hydrophobic and hydrophilic section. This conjugate was also used 

for the further functionalization with zwitterions (ND 2-9). A system without a linker chain was 

used to investigate the influence of the zwitterionic headgroup onto the colloidal stability (ND 

2-8). ND 2-9 is based on a combination of a hydrophobic and a hydrophilic moiety (Figure 1 

(B), step 3) in analogy to Harder et al.[25] and Kim et al.[30] where such moieties have been 

introduced as a pocket for hydrophobic drugs. While the alkane thiolate is used as a 

hydrophobic moiety stretching out from the nanoparticle surface, the hydrophilic TEG interacts 

with water to stabilize the ND solvation. For comparison, ND conjugates carrying solely the 

hydrophilic moiety (2-10, 2-12) have been synthetized as well. Here, the lack of additional 

stabilizing effects of an inner, hydrophobic shell is excluded. 

As described in the introduction, the HGs play a highly important role for colloidal stability but 

also for protein repulsion. It can be expected, that a higher number of headgroups should have 

a beneficial effect on these two properties. Therefore, a so-called splitter group was attached to 

some of the ND conjugates (ND 2-11 and 2-12) to enable the grafting of multiple headgroups 

to each linker moiety. In the chosen example, the number of HGs is increased three times 

provided that the grafting reaction proceeds to completion. The latter can be efficiently 

monitored by the observation of the exceptionally strong azide peak in FT-IR spectrum before 

the click reaction (Figure 1 (B), step 4). Figure 2-3 shows an exemplary series of FTIR spectra 

for the different synthetic steps to the final zwitterionic ND conjugate 2-12 (see Supporting 

information for reaction schemes, detailed experimental procedures and analytical data). 
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Figure 2-3.  Series of FT-IR spectra (ATR for organic molecules and KBr pellet for ND samples) 

of an exemplary reaction from milled ND (2-1)  via benzoic acid functionalized ND 2-3 ,  

subsequently  reacting with amine 2-13  to ND 2-14 ,  which then reacts with the zwitterionic alkyne 

2-15  to the final conjugate 2-12  (Detailed FT-IR spectra of all synthetized ND conjugates and 

precursors are given in the Supporting information) .  

During the reaction of ND 2-1 to ND 2-3, the zeta potential dropped from positive to negative 

due to grafting of the benzoic acid, which is indicated by the carboxylic band at 1700 cm-1 in 

the IR spectrum. Upon reaction with amine 2-13 the corresponding azide-functionalized ND 2-

14 is formed. Correspondingly, the bands at 2900-3000 cm-1 for aliphatic CH2-groups increased 

and the azide band at 2103 cm-1 appeared while the band at 1700 cm-1 decreased. In the 

following step, the vanishing of the azide band at 2103 cm-1 and the appearance of the strong 

CH3 band from the zwitterion at 2970 cm-1 indicate the completion of the reaction to ND 2-12. 

It is noteworthy, that the band at 2103 cm-1 vanishes completely in the reported cases. 

Typically, residual azides e.g. included in agglomerates are not accessible for the click reaction 

and thus prevent the completion of the subsequent surface functionalization step leading to a 

residual azide peak in the IR spectra. However, in our approach the surface-bound glycol chains 

are highly solvated by water molecules and the particles have a low tendency to agglomerate. 

Thus, the azide groups are easily accessible for the click reaction. Surface loadings of organic 
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moieties have been measured by thermogravimetric analysis and show an efficient binding of 

the groups (see Experimental section and Supporting information for details). 

After the grafting of the zwitterion, the nanoparticles are easily solvated at their entire surface 

and therefore an increased stability in water or physiological media like FBS/DMEM is 

achieved. To determine the colloidal stability of the different moieties, DLS measurements 

were performed. Upon addition of 0.07 mg/mL ND to the respective medium, the size and count 

rate of the particles in the dynamic light scattering were monitored. It has to be noted that FBS 

contains proteins with sizes detectable by DLS. They thus appear in the size distributions (see 

DLS measurement of FBS in the Supporting Information). In order to clearly distinguish 

protein-related peaks and ND related peaks the intensity based distribution of the particle size 

is shown here. For comparison, the size distribution of FBS, ND 2-3 and ND 2-12 in separate 

colloidal solution is also shown in Figure 4C. It was observed that over different period of times 

the agglomeration of the ND conjugates sets in as indicated by a broadening of the ND-related 

peak in the size distribution. This is due to the initial flocculation followed by a complete 

precipitation of the ND agglomerates, resulting in the disappearance of the ND peak. Figure 2-

4 A and B show exemplary size distribution evolutions for ND 2-3 (not stable in cell culture 

media) and ND 2-12 (highly stable in cell culture media) over the course of 3 days. Whereas 

after 3 days the ND related peak has vanished for ND 2-3 (and the ND particles have 

precipitated), it remains largely unchanged for ND 2-12. The time-points for the agglomeration 

of each ND conjugate at room temperature have been determined using consecutive DLS 

measurements of the colloidal solutions at daily intervals (after monitoring at shorter intervals 

on the first day). The peaks at ~200 nm are representing ND, although the actual particle size 

is much smaller. The particle size measurement in serum media is known to be complex due to 

the polydispersity of the mixture, which leads to apparent higher particle sizes in DLS profiles 

(% Intensity), For 5 nm gold particles, the sizes in FBS measured by DLS are in the same range 

of diameters as in our case.[37,38] Long-term monitoring of the stable zwitterionic colloids was 

in some cases at the end limited by a deterioration of the serum proteins by the flocculation of 

the latter. The most stable conjugates, carrying both the oligoethylene glycol chains as well as 

the zwitterionic moieties, have thus reached the situation, where the ND material itself is not 

limiting its applicability in physiological media anymore and rather the stability of the serum 
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at room temperature becomes the relevant factor. Figure 4 D shows the time-points for the onset 

of agglomeration for the different types of nanodiamond materials prepared for this study. 

 

Figure 2-4.  Colloidal stability of ND conjugates in protein containing media. (A) Time 

dependent evolution of size distribution in a colloid containing ND 2-3  and (B) ND 2-12  in 

FBS/DD-water 1:5 v/v. While the two peaks at ~10  nm and ~30  nm represent the FBS proteins, 

the peak at 200  nm represents the ND particles; (C) size distribution of FBS and ND in separate 

colloidal solutions; (D) Measurement of colloid stability (in day s) for ND conjugates with an 

without stabilizing moieties.  For all ND samples the time before the onset of agglomeration is 

shown in different media:  FBS and water in a ratio of 1:5 v/v (black), DMEM and water in a 

ratio 1:9 and additional 1  % FBS v/v (gray),  FBS and DMEM in a ratio of 1:9 v/v (white).  

Comparing systems with surface functionalization and without, it can be concluded that any 

kind of modifications already provokes a positive effect on the colloidal stability except for ND 

2-8 (see below). The milled ND (2-1) although very stable in aqueous colloidal solution 

possesses only a very limited colloidal stability in the chosen physiological media, as had been 
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reported previously by us and others for DND and other nanodiamond materials.[10,11,19,39] As 

can be seen in Figure 4D, the time until the onset of agglomeration is significantly enhanced 

for all systems functionalized with different types of chains and zwitterions except for ND 2-8. 

While all other ND conjugates are prepared from ND 2-3 with a highly negative ionic surface, 

ND 2-8 is built up from a highly positive surface without ionic surface groups, thus the initial 

stability during functionalization is already limited. By clicking the zwitterion on the surface, 

the zetapotential is getting neutral and thus the stability of the conjugate very poor. Even the 

highly ionic nature of the zwitterions is not able to prevent colloid collapse for more than two 

days. A reason for this inferior performance could be the short distance of the headgroups to 

the ND surface inducing a steric solvation hindrance with the result of poor colloidal stability. 

Additionally, the beneficial glycol chain is missing in this conjugate (see below). From these 

findings, the following conclusions can be drawn: 

The comparison of systems ND 2-1 and 2-3, especially for the FBS/DMEM-media, shows that 

the higher the number of ionic surface groups, i.e. of benzoic acid moieties, the higher is the 

colloidal stability of the ND dispersion. This stability can be improved further by the addition 

of TEG (ND 2-6), whereas the addition of non-polar alkyl chains does not improve stability 

(ND 2-4 and 2-5) as they cannot easily be solvated by water molecules. In combination with 

residual benzoic acid moieties, which lead to an overall negative zeta potential, the TEG 

significantly improves the colloidal stability from 6 to 13 days in FBS/DMEM media. 

Comparing ND 2-6 with the systems carrying zwitterionic headgroups in addition to the TEG 

chain, the stability of the systems (ND 2-9–2-12) against agglomeration is already in the same 

range. in FBS/DMEM. The fact, that ND 2-8 does not show this improved colloidal stability 

clearly shows that the TEG-chain is required to ensure superior colloidal stability.  

However, besides the stability of a NDs in physiological media, it is also crucial to prevent the 

non-specific adsorption of proteins on the surface of NDs. It is well known, that the protein 

corona is built up within the first minutes after nanoparticles are exposed to bio-fluids, such as 

FBS.[37,38] Whereas the soft corona can be simply washed away with water, the hard corona 

however cannot be easily removed by washing and thus is covering the surface of the 

nanoparticles even after extended cleaning procedures. In this approach we incubated NDs one 

hour in FBS-water-mixture (1:5 ratio) at 37 °C to complete the formation of both soft and hard 
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protein corona and subsequently washed the ND with water to remove the soft corona (Figure 

2-5). The samples were then dried and a thermogravimetric measurement was performed with 

both unincubated and incubated NDs. Thus, the difference of mass loss between the ND that 

was in contact with the serum and the one that was only functionalized with the respective 

organic groups (in TGA these groups also give a mass loss upon heating) gives the amount of 

proteins that are adsorbed on the surface as a hard corona. 

 

Figure 2-5.  Prevention of non-specific protein adsorption on zwitterion -functionalized 

nanodiamond. A) Schematic representation of the different surface loadings with serum proteins 

after incubation of ND 2-1  and 2-12  in FBS media for 1  h and subsequent removal of non-

adsorbed serum and soft corona by washing; B) thermogravimetric analysis of serum protein 

adsorption on functionalized ND conjugates (ND conjugate + FBS, grey) and the same ND 

without FBS treatment (ND conjugate, white) as reference. The difference betwee n the grey and 

white columns give the amount of adsorbed proteins for each material; C) (detailed 

thermogravimetric profile of milled ND 2-1  and D) zwitterion functionalized ND 2-12 .  

In case of milled ND (2-1) the amount of adsorbed protein on the surface is extremely high. A 

rise from around 1 % surface loading stemming from surface functional groups to over 27 % 

of the total mass shows the very fast and non-specific adsorption of proteins on detonation 
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nanodiamond and the formation of a large hard corona. Already the functionalization with small 

linker systems as in ND 2-2 and 2-3, reduces the amount of adsorbed proteins, which remains 

nevertheless very high and accounting for more than 50% of the organic matter present on the 

surface of the particles. The functionalization with TEG-based chains, such as in ND 2-6, 

further reduces the amount of protein corona to a value of less than 50 %. The best result was 

however achieved when a zwitterionic headgroup was attached to the ND conjugate as in ND 

2-8–2-12. All these systems exhibit an outstanding performance for prevention of protein 

adsorption with results close to the non-existence of a hard protein corona. Large error bars are 

observed for the short zwitterionic system 2-8 which has remarkably low stability in FBS (see 

Figure 4 (D)), which renders the experiment difficult due to uncontrollable agglomeration 

within the incubation time of one hour. A significant change in protein adsorption was observed 

after click reaction from ND 2-7 to monozwitterionic ND 2-9 which differ only in the presence 

of the zwitterionic moiety in ND 2-9. The surface loading with serum proteins dropped from 

25 % to less than 5 %, clearly showing the importance of the zwitterionic moiety for the 

repulsion of the proteins. Further improvement to a complete inhibition of hard protein corona 

formation was achieved by immobilizing not only one but three zwitterionic moieties on every 

linker chain. In doing so, the surface is completely covered with zwitterionic moieties and thus 

does not leave room for non-specific interaction, e.g. with hydrophilic or hydrophobic parts of 

the linkers. It can be concluded that zwitterionic surface groups efficiently prevent the 

formation of a hard protein corona. However, they do not ensure a stable colloidal dispersion 

of the ND conjugates as was drastically shown by ND 2-8. Only the combination of the 

oligoethylene glycol moieties with the zwitterionic headgroups gives rise to both colloidal 

stability in aqueous systems with strong ion background (such as cell culture media) and 

simultaneously avoiding the formation of a hard protein corona that is detrimental for a variety 

of intended applications of functionalized nanodiamond. 

However, it had been shown in the literature, that zwitterionic moieties have sometimes adverse 

effects e.g. on bacteria that are treated with such nanomaterials.[40] We therefore conducted a 

first test with an ubiquitous strain of bacteria, i.e. E. coli, to ensure that in general the ND 

conjugates are usable even with such biological systems. Figure 2-6 shows the results of an 

incubation test with and without the different nanodiamond materials.  
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Figure 2-6.  E. Coli  growth curves with 0.1  mg  mL -1  (A) and 0.5  mg  mL -1 (B) of each ND (sample 

numbers given for each individual curve).  

It can be seen that none of the tested ND functionalized with benzoic acid (2-3), glycol linker 

(2-6) or zwitterionic systems (2-9–2-12) inhibited bacterial growth at rather high concentrations 

of 0.1 and 0.5 mg mL-1. Details of the assay are described in the Supporting Information. 

Although this first test with a common bacterium is promising, further experiments will be 

needed to fully assess the interaction with different types of bacteria, the overall 

biocompatibility and toxicity of the zwitterion functionalized ND conjugates and to explore 

their full potential in biomedical applications of nanodiamond. 

2.3 Conclusion 

In conclusion, we have developed a highly versatile toolbox for the tailored functionalization 

of nanodiamond. It allows to simultaneously control the colloidal stability in different 

environments and the prevention of non-specific protein binding by using a combination of 

hydrophilic oligoethylene glycol chains, hydrophobic alkyl moieties and zwitterionic 

headgroups. The linkage between the diamond surface and the organic surface groups can be 

chosen from different anchor groups to address the specific needs for stability e.g. against 

hydrolysis or enzymatic cleavage. Additionally, the use of azide-alkyne click chemistry also 

allows to efficiently immobilize other functional moieties on the surface of the stabilized ND 

conjugates and to monitor the reaction progress by IR spectroscopy.  
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Based on our investigations it can be concluded that the surface modification of ND by a 

combination of TEG chains and zwitterionic headgroups leads to an efficient colloidal 

stabilization and the avoidance of hard protein corona formation or non-specific adsorption of 

serum proteins. 

This could enhance the circulation times of such NDs in vivo and opens the way for a multitude 

of biomedical applications of these systems as they can be further functionalized by well-

established methods. 

2.4 Experimental Section  

General Methods: All solvents were freshly distilled and dried using standard procedures. For 

the purification of the ND, Millipore grade water (MQ-water, 18.2 MΩ cm) at a pH of 5.5 and 

T = 20 °C) was used. For further experiments (e.g. colloidal stability/formation of protein 

corona) all NDs were washed and redispersed in bidistilled water (DD-water, pH at 6-7). Acid 

purified detonation nanodiamond was purchased from Gansu Lingyun Corp. (China) and milled 

in an attrition mill using 50 µm zirconia beads to a colloidal aqueous solution according to a 

previously reported protocol.[35] Nuclear magnetic resonance spectra (1H and 13C) were 

measured with a Bruker AVANCE 400 FT-NMR spectrometer at 27 °C. For the calibration of 

spectra, the chemical shift of the deuterated solvents were used as internal reference. Mass 

spectrometry (ESI) was performed using a Bruker Daltonics micOTOF focus. The 

characterization with FT-IR was carried out in a Jasco FT/IR-430 using ~1 mg ND in a 200 mg 

KBr pellet dried in vacuo. ATR spectra were recorded using the same spectrometer equipped 

with an ATR unit MIRacleTM from PIKE Technologies. IR spectra of ND samples were 

additionally measured using a DRIFTS spectrometer Nicolet iS5. Thermogravimetric analysis 

was performed in a Perkin–Elmer STA 6000 with 60 mL min-1 N2 flowrate and a heating rate 

of 10 K min-1
 from 50 °C to 130 °C, a plateau time of 60 min at 130 °C and a heating phase 

from 130 °C to 700/900 °C at 5 K min-1. The particle size and zeta potential were measured in 

bidistilled water at the intrinsic pH of the sample colloid using a Malvern Zetasizer Nanoseries 

Nano-ZS (dynamic light scattering, backscattering mode). The size distribution is given as 

volume distribution (Dv(10), Dv(50) and Dv(90)) (or intensity distribution for observation of 

the agglomeration onset) and was obtained using the Marquardt method. The reaction with 

milled ND and diazonium salts was carried out under sonication with a Branson Sonifier 450 
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102C (max. 400 W, 19850–20050 Hz) with conical 5 mm titanium-microtip using it for 3-4 h 

at level 2 of 10 in a 50 % pulse and 50 % pause period. For washing the samples, the sonication 

was carried out in a Bandelin Sonorex Digitec Typ DT52 (max. 80 W, 35 kHz) and for 

centrifugation Thermo Scientific Sorvall MTX 150 was used at 52.000 RPM. 

Organic Synthesis: 

The synthesis of the organic precursors is reported in the Supporting information. See Scheme 

Figure S1 and Figure S26 for sample numbers and experimental details. 

Nanodiamond functionalization: 

Milled ND (2-1) was initially functionalized in analogy to previously published work of our 

group.[41] Experimental details for preparation of ND 2-2 and ND 2-3 can be found in the 

Supporting information. 

General procedure for the preparation of ND 4, 5, 7 by thioester formation 

ND 2-3 (72 mg) was washed two times in THF (10 mL) and two times in dry THF (10 mL) and 

dispersed in 30 mL of dry THF. N,N-Dimethylpyridin-4-amine (4-DMAP, 12.0 mg, 100 µmol, 

1.00 eq), N,N'-dicyclohexylcarbodiimide (DCC, 103 mg, 500 µmol, 5.00 eq) and the respective 

thiol (100 µmol, 1.00 eq) were added at 0 °C. The reaction mixture was stirred under nitrogen 

for 1 h at 0 °C and after sonication at r.t. in a sonication bath (Bandelin, 30 W), the suspension 

was stirred 6 days. After the reaction the dispersion was washed with 12 mL of each acetone 

(3x, 10k RPM), MQ-H2O (1x, 15k RPM), acetone (1x, 10k RPM), acetone/MQ-H2O (1:1, 3x, 

30k RPM), MQ-H2O (3x, 15k RPM). Following, 1.5 mL (1/8) of a total dispersion of 12 mL 

was dried at 80 °C in vacuum to obtain material for the characterization. 

ND 2-4 (78 mg, dark grey powder): Zeta potential: -23.7 mV (DD-water, intrinsic pH=5.5), 

Particle size (DLS, DD-water): 10 % ≤ 83 nm, 50 % ≤ 151 nm, 90 % ≤ 409 nm, Surface 

loading (TGA): 13.5 % (150-450 °C), FT-IR (KBr): 3400 (br), 2930 (s), 2845 (m), 1712 (s), 

1644 (s), 1537 (s), 1383 (m), 1220 (s), 1152 (s), 771 (s) cm-1. 

ND 2-5 (65 mg, grey powder): Zeta potential: -19.1 mV (DD-water, pH=5.1), Particle size: 

(DLS, DD-water): 10 % ≤ 40 nm, 50 % ≤ 68 nm, 90 % ≤ 204 nm, Surface loading (TGA): 
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13.3 % (150-450 °C), FT-IR (KBr): 3440 (br), 2926 (s), 2862 (m), 1709 (m), 1632 (s), 1379 

(m), 1315 (w), 1251 (m), 1148 (m), 1084 (m), 1037 (m) cm-1. 

ND 2-7 (70mg, brownish-grey powder): Zeta potential: 5 mV (DD-water, intrinsic pH=5.6), 

Particle size: (DLS, DD-water): 10 % ≤ 128 nm, 50 % ≤ 224 nm, 90 % ≤ 423 nm, Surface 

loading (TGA): 20.2 % (150-450 °C), FT-IR (KBr): 3324 (s), 2926 (vs), 2848 (s), 2103 (w), 

1700 (m), 1624 (vs), 1568 (vs), 1452 (m), 1310 (s), 1247 (s), 1084 (w) cm-1. 

ND 2-6: ND 2-3 (72 mg) was washed with 12 mL DMF and 12 mL dry DMF (2x) under 

nitrogen and dispersed in 20 mL of dry DMF and 2-(1H-Benzotriazole-1-yl)-1,1,3,3-

tetramethylaminium tetrafluoroborate (TBTU, 209 mg, 652 µmol, 3.00 eq), Hünig’s base 

(DIPEA, 0.38 mL, 2.17 mmol, 10.0 eq) and respective amine (0.22 mmol, 1.00 eq) were added 

to the suspension and the reaction was stirred at 35 °C for 6 days. After the reaction mixture 

was cooled to r.t. the dispersion was washed with 12 mL of each solvent: acetone (3x, 10k 

RPM), MQ-H2O (1x 52k RPM), acetone (1x 10k RPM), acetone/MQ-H2O (1:1, 3x, 30k RPM), 

MQ-H2O (3x, 52K RPM). Following, 1.5 mL (1/8) of a total dispersion of 12 mL was dried at 

80 °C in vacuum. 

ND 2-6 (63 mg, grey powder): Zeta potential: 6 mV (DD-water, intrinsic pH=6.3), Particle 

size: (DLS, DD-water): 10 % ≤ 57 nm, 50 % ≤ 90 nm, 90 % ≤ 170 nm, Surface loading (TGA): 

14.5 % (150-450 °C), FT-IR (KBr): 3339 (br), 2973 (s), 2923 (s), 2872 (s), 1724 (m), 1648 

(s), 1603 (s), 1544 (m), 1465 (m), 1370 (s), 1300 (s), 1149 (vs), 1127 (vs), 954 (vs), 821 (m) 

cm-1.  

General procedure for the preparation of ND 8, 9, 10, 11, 12 by Click chemistry 

Azide functionalized ND 2-2, 2-7, 2-41, 2-42, 2-43 (30 mg, see SI for the preparation of 2-41–

2-43) was dispersed in a 1:1 (v/v) mixture of water and THF (10 mL) and the suspension was 

degassed in an ultra-sonic bath under nitrogen atmosphere. After adding the zwitterionic alkyne 

3-(dimethyl(prop-2-yn-1-yl)ammonio)propane-1-sulfonate (2-15, 205 mg, 1.00 mmol, 

1.00 eq), sodium ascorbate (158 mg, 0.80 mmol, 0.80 eq) and CuSO4 (63.8 mg, 0.40 mmol, 

0.40 eq) the reaction mixture was sonicated for 5 min under nitrogen. The suspension was 

stirred at r.t. for typically 5 days. After the reaction control by DRIFT spectroscopy showed no 
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azide band at 2100 cm-1 the mixture was washed with 9 mL of each solvent: MQ-H2O (2x, 52k 

RPM), acetone (3x, 30k RPM), EDTA (2x, 15k RPM), MQ-H2O (3x, 30k RPM). 

ND 2-8 (28 mg, light grey powder): Zeta potential: -6 mV (MQ-water, intrinsic pH=5.8), 

Particle size: (DLS, MQ-water): 10 % ≤ 49 nm, 50 % ≤ 58 nm, 90 % ≤ 70 nm, Surface loading 

(TGA): 18.8 % (150-450 °C), FT-IR (KBr): 3434 (br), 2961 (m), 2917 (m), 2879 (w), 2058 

(br), 1635 (vs), 1456 (w), 1364 (m), 1313 (m), 1212 (s), 1124 (m), 1048 (s), 852 (vw), 821 (w), 

733 (vw), 675 (w) cm-1. 

ND 2-9 (28 mg, light grey powder): Zeta potential: 7 mV (MQ-water, intrinsic pH = 5.9) 

Particle size: (DLS, MQ-water): 10 % ≤ 65 nm, 50 % ≤ 102 nm, 90 % ≤ 199 nm. Surface 

loading (TGA): 21.7 % (150-450 °C). FT-IR (KBr): 3440 (br), 2927 (m), 2859 (m), 1692 (s), 

1635 (vs), 1382 (s), 1073 (s) cm-1. 

ND 2-10 (26 mg, light grey powder): Zeta potential: 13 mV (MQ-water, intrinsic pH=6.0), 

Particle size: (DLS, MQ-water): 10 % ≤ 72 nm, 50 % ≤ 110 nm, 90 % ≤ 191 nm, Surface 

loading (TGA): 21.1 % (150-450 °C), FT-IR (KBr): 3440 (br), 2935 (m), 2847 (m), 1698 (m), 

1635 (vs), 1395 (s), 1067 (vs) cm-1.  

ND 2-11 (32 mg, light grey powder): Zeta potential: 15 mV (MQ-water, intrinsic pH = 5.8), 

Particle size: (DLS, MQ-water): 10 % ≤ 52 nm, 50 % ≤ 77 nm, 90 % ≤ 135 nm, Surface 

loading (TGA): 23.8 % (150-450 °C), FT-IR (KBr): 3503 (br), 2961 (s), 2923 (vs), 2853 (s), 

1704 (s), 1629 (vs), 1515 (w), 1446 (m), 1376 (s), 1313 (m), 1256 (m), 1137 (s), 1073 (s) cm-1. 

ND 2-12 (24 mg, light grey powder): Zeta potential: 25 mV (MQ-water, intrinsic pH=6.3) 

Particle size: (DLS, MQ-water): 10 % ≤ 78 nm, 50 % ≤ 120 nm, 90 % ≤ 199 nm, Surface 

loading (TGA): 24.0 % (150-450 °C), FT-IR (KBr): 3453 (br), 2954 (m), 2927 (s), 2875 (m), 

1698 (m), 1635 (vs), 1541 (w), 1477 (w), 1389 (s), 1306 (m), 1200 (vs), 1099 (s), 1039 (vs) 

cm-1.  
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The following section is slightly modified and reproduced from the manuscript of A. Sigaeva‡, 

V. Merz‡, R. Sharmin, S. R. Hemelaar, R. Schirhagl*, A. Krueger*. 

3.1 Introduction 

The versatile surface of ND, which purposefully can be modified, has a high potential for a 

wide range of applications in tribology, drug delivery, tissue engineering, nanocomposite core 

material and additive for polymers.[1,2] But in addition to surface group modifications, diamond 

can have a variety of active defects in its sp3 matrix that are sensitive to changes in physical 

parameters in the environment, for example, magnetic fields, electric fields, temperature, or 

crystal strain.[3,4] Using defect structures, such as nitrogen-vacancy (NV) centers, diamond 

particles can be used as fluorescent nanodiamonds (fNDs) for photostable labeling, bioimaging 

and nanoscale sensing in living cells and organisms.[2,3,5] 

One prerequisite for using fNDs as bioprobes is the physical proximity of the fNDs to the target 

site. A very effective way to achieve this in cells is to attach antibodies to the fND surface, 

which specifically form stable antibody-antigen formation at the nucleus.[6] 

In order to immobilize antibodies on nanoparticles or surfaces two approaches can be 

envisaged: the physisorption of the protein structure or the covalent attachment using the 

reaction of functional groups of the surface with groups from the antibody.[7] 

In general, there are three essential functional groups on antibodies that can further be 

functionalized: the amino, carboxyl and thiol moieties. Specific reactions can be used to address 

these groups in a selective manner.[8] With the help of N-hydroxysuccinimide (NHS) esters, 

amino groups of biomolecules can be functionalized within minutes.[9] In combination with 

another functional group, the diarylcyclooctyne (DBCO), a linker can be created between an 

antibody and an azide. The use of the so-called DBCO-NHS ester not only offers a very fast 

and almost quantitative functionalization of labile biomolecules, such as antibodies, but also a 

very fast and also almost quantitative click reaction with the alkyne of DBCO and an azide to 

a stable triazole without toxic copper catalysts.[10,11]  

An important aspect when ND are given in the biofluids is the formation of a protein corona.[12] 

To enable targeting by antibodies, it is important to prevent masking by a corona. Strategies 
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such as coating the particles with polymers[13] or certain proteins[14], for example, protect 

against the formation of a protein corona but could also mask the antibodies in some 

circumstances. In a recent study, we demonstrate that short chains with terminal zwitterionic 

moieties protect against non-specific adsorption of proteins in serum and additionally stabilize 

them colloidally in biofluids.[15] 

Here, we report on the combined functionalization of fluorescent nanodiamond with a nucleus 

targeting antibody ([Mab414] ab24609), which is required for the assembly of peripheral 

proteins into the nuclear pore complex, and moieties for the control of surface interactions. 

These zwitterionic moieties in combination with tetraethylene glycol (TEG) improve the 

colloidal dispersion in physiological media with strong ion background and the prevent non-

specific interactions with proteins, as some of us have recently reported for a different type of 

nanodiamond.[15] The covalent attachment of the antibodies is enabled by the click chemistry 

with DBCO using a terminal azide group on the linker architecture of the pre-functionalized 

nanodiamond, (Scheme 3-1). To ensure the accessibility of the clickable groups the azide unit 

is presented on a linker architecture with the same length and polarity as the zwitterions. 
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Scheme 3-1.  Functionalization of fluorescent nanodiamond  (fND) 3-1  with acid groups 3-3 , a 

mixture of chains with azides 3-4  and zwitterions 3-5  as the head group to yield ND 9  and 

subsequent click reaction with the DBCO-NHS ester functionalized  and purified antibody 3-8  to 

the final fND 3-10 .  
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3.2  Results and Discussion 

The fND was functionalized using an adapted procedure reported in.[15] However, in that work 

the functionalization was carried out on detonation nanodiamond (DND).[15] These contain far 

less NV centers and are thus not suitable for imaging applications. As HPHT fND, are less 

reactive, the reaction procedures have to be adapted. Thus, harsher conditions were required 

leading to the replacement of ultrasonic treatment by mechanochemical reaction of the HPHT 

nanodiamond 3-1 and diazonium compound 3-2 using a mini mill at 50 Hz with steel beads. 

The successful functionalization is shown in the FT-IR spectra in Figure 3-1 by strong signals 

of the surface groups, e.g. the aromatic bands at 788 and 710 cm-1. The subsequent 

functionalization with the two chains 3-4 and 3-5 is simultaneously performed leading to a 

stoichiometric distribution of the two moieties when assuming comparable reactivity. The IR 

spectrum shows changes at 2102 cm-1 due to the azide band and the sulfonic acid at 1040 and 

1207 cm-1. The surface loading for product fND 3-9, obtained from the TGA data (see 

supporting information), shows that about 50 % acid moieties were converted to thioesters, 

which also explains the still present signal for the carboxylic groups. 

 

Figure 3-1. Series of DRIFT (red, black and blue) spectra of the functionalization of the ND 3-

1 to ND 3-9 using the chains  3-4  and  3-5  (for which FT-IR ATR orange and green are shown) on 

a pre-functionalized ND 3  (significant wavenumbers pointed out in dotted lines w ith the 

respective moieties and wavenumbers in brackets),  insert: zoomed IR -spectra of ND 3-9  

indicating the presence of the azide band .  
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The functionalization of the fND with the chains containing TEG not only increases the 

colloidal stability but also the dispersibility. Drying the functionalized samples for the 

recording of IR spectra and subsequent redispersion was possible and let to again fully 

deagglomerated nanoparticles. This is of great importance for the generation of a homogeneous 

material with a fully controlled surface with as many primary particles as possible for 

subsequent reactions. Functionalization with long chains, as already shown in our recently 

published work, lead to a significant increase of the hydrodynamic diameter of the nanoparticles 

measured by DLS, while the particles show their actual, only slightly increased diameter in 

AFM measurements.[15] Here, the successful functionalization, did not lead to increased particle 

sizes and no agglomeration was observed. For fNDs 3-1 to 3-9 the hydrodynamic diameter 

(D(50) = 287(3-1) → 266(3-9) nm) remained largely the same. In addition, the 

mechanochemical functionalization to ND 3-3 using a mill (see SI in the appendix ND 3-3) not 

only made the reaction possible, but also achieved a small particle size (D (50) = 287(3-

1) → 184(3-3) nm). The typically observed increasing particle size in the DLS (but not in the 

AFM) during the functionalization of detonation NDs was not observed here when using the 

same functionalization of fNDs, since the aggregate size was continuously controlled due to the 

in-situ milling, which counteracts the increasing hydrodynamic radius due to the 

functionalization. 

To achieve stabilization in physiological media, the ND was functionalized with a zwitterion 

chain. The zwitterionic betaine derivative provides effective protection against ions on the 

surface thanks to an overall neutral surface charge, which not only stabilizes the ND 

physiologically but also leads to protein repulsion. The entire zwitterionic chain system follows 

the so called “Whiteside rules” and is therefore suitable for forming a protective layer against 

a protein corona.[16] Without this protective layer, a protein corona or other molecules would 

attach onto the surface of the particle and disrupt the functionality of the antibodies. Thus, the 

additional zwitterion chains, in addition to the azide chains, are important for the functionality 

of the targeting because the ND does not adsorb other molecules before it reaches the target.[15]  

The DBCO grafted antibody, which has previously reacted with an NHS ester through the 

amino group, was attached to the azide groups on the ND surface using a copper free click 



3.2 Results and Discussion 

- 88 - 

 

reaction. The successful application of this method had been reproted for a similar system by 

Simon et al. for proteins.[10] 

To verify the targeting ability, the different fND dispersions were added to HeLa cells, which 

were then examined microscopically for the position of the particles in the cell. The fND 

without any treatment, with adsorbed antibody, and with antibody and zwitterion functionalized 

surface were compared. To simulate the influence of biofluids, the different fNDs were 

additionally incubated with fetal bovine serum (FBS) and added to cells (see Scheme 3-2).  

 

Scheme 3-2:  Schematic illustration of the experiment procedure of each of the five fND 

dispersion 3-1 ,  3-1+AB,  3-10 ,  3-1+AB+FBS  and 3-10+FBS respectively investigated regarding 

their targeting distribution with and without FBS in HeLa cells.  
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The distances between each particle and the closest cell nucleus were measured, using the 3D 

Euclidean Distance Maps method reported by A. Sigaeva et al., and shown in Figure 3-2.[17] 

 

Figure 3-2: Number of A; internalized fNDs per cell and B; targeted fNDs to the nucleus in a 

24  h experiment in HeLa cells of each dispersion 3-1+FBS,  3-1+AB,  3-10 ,  3-1+AB+FBS  and 

3-10+FBS  (dotted lines with FBS incubation, solid lines without FBS and the shaded areas 

represent the interquartile ranges of 50 samples for each data point ).  

In comparison, internalization numbers of the fND systems in the cells are in some cases very 

different (Figure 3-1, A). On the one hand, only some small numbers of fND 3-1+FBS and 3-

1+AB+FBS entered the cells. On the other hand, there is hardly any difference between the 

first measurement of the two fNDs after two hours and after 24 hours. The reason for this could 

be the formation of a protein corona, which prevents penetration due to the increase in size of 

the particles. Without incubation with FBS, there is no change in the number of fNDs in cells 

after six hours for 3-1+AB, but it is significantly higher than those treated with FBS. The best 

values are reached by both fNDs with TEG-zwitterion chain, 3-10 and 3-10+FBS, where here 

the uptake stagnates in the first 8 hours but takes the highest value after 17 hours. Interestingly, 

in the two samples with zwitterion, not only the uptake after 17 hours is best, but also the 

difference between with FBS and without FBS is statistically insignificant. One possible 

explanation is that the zwitterions promote repulsion from the protein corona, ensuring not only 

that the particles are unmasked and colloidally stabilized, but also that the antibody is not 

prevented from binding to the cell nucleus. In addition, the late penetration into the cell could 
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be due to the colloidal stabilization of the particles by the TEG zwitterion chains. Even in 

complex media, the particles are colloidally stabilized, so that even after a long residence time 

(17 h), small, non-agglomerated, fNDs can still enter the cell, which for all other samples is not 

the case. 

Once inside the cell, the number of particles bound to the nucleus can be similarly explained 

(Figure 3-1, B). By masking the surface, 3-1+AB+FBS is no longer able to perform targeting 

and cannot bind significantly to the nucleus compared to fND 3-1+AB not treated with FBS. 

The situation is different for the colloidally stabilized particles 3-10 and 3-10+FBS. Not only 

can these partially successfully perform targeting, but again show no difference between FBS-

treated and non-FBS-treated samples, indicating successful shielding by the zwitterions. 
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3.3  Experimental Section 

Methods: fND was purchased Adámas Nanotechnologies (fND Carboxylated 70 nm Red, in DI 

water, ≤ 3ppm NV  1 mg/mL) as aqueous suspension. Chemicals were purchased from Thermo 

Fisher Scientifics (Acros Organics, Fluka), Merck (Sigma Aldrich) and Grüssing and used 

without further purification unless noted. All solvents were freshly distilled and dried using 

standard procedures. For the purification of the fND, bidistilled water (DD-water, 18.2 MΩ cm) 

at a pH of 5.5 and T = 20 °C) was used. Nuclear magnetic resonance spectra (1H and 13C) were 

measured with a Bruker AVANCE 400 FT-NMR spectrometer at 27 °C. The chemical shift of 

the deuterated solvents was used as internal reference for the calibration of spectra. Electrospray 

ionization (ESI) was performed using a Bruker Daltonics micOTOF focus. The FT-IR 

spectroscopy was carried out in a Jasco FT/IR-430 using ~1 mg ND. ATR spectra were 

recorded using the same spectrometer equipped with an ATR unit MIRacleTM from PIKE 

Technologies. Diffuse reflectance IR spectra (DRIFT) of ND samples were additionally 

measured using a DRIFT spectrometer Nicolet iS5. Thermogravimetric analysis (TGA) was 

performed on a Perkin-Elmer STA 6000 with 60 mL min-1 nitrogen flow rate and a heating rate 

of 10 K min-1 from 50 °C to 130 °C, a plateau time of 60 min at 130 °C and a heating phase 

from 130 °C to 700 °C at 5 K min-1. The particle size and zeta potential were measured in 

bidistilled water at the intrinsic pH of the sample colloid using a Malvern Zetasizer Nanoseries 

Nano-ZS (dynamic light scattering, backscattering mode). The size distribution is given as 

volume distribution (Dv(10), Dv(50) and Dv(90)) and was obtained using the Marquardt 

method. The reaction with HPHT ND and diazonium compounds was carried out in a mini mill 

Pulverisette 23 (Fritsch) for 1 h at 50 Hz vibration mode with 10 pieces of 2 mm stainless steel 

beads. The sonication for washing of the samples was carried out in a Bandelin Sonorex Digitec 

Typ DT52 (max. 80 W, 35 kHz). Centrifugation was performed in a Hettich Mikro 220 R at 

15 °C and a maximum of 31 514 RCF (18 000 RPM) using 2 mL Eppendorf safelock-cap tubes 

PP. The purifications of the antibody before and after reaction were carried out using a Thermo 

Scientific Pierce Antibody Clean-up Kit (detailed use in the supporting information). The anti-

Nuclear Pore Complex Proteins (aNPC) ChIP Grade (ab24609) were purchased from abcam 

and were cleaned as described in the supporting information in the appendix. 
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Synthesis of organic linkers and the prefunctionalized nanodiamond are shown together with 

the respective spectra in the supporting information in the appendix. 

The following part was executed by Alina Sigaeva in a cooperation with Romana Schirhagl’s 

group at the University of Groningen. The cell culture (HeLa) was prepared under standard 

culturing conditions in Eagle’s Minimal Essential Medium (DMEM) with 4500 mg/L glucose 

supplemented with 10 % Fetal Bovine Serum (FBS), 1 % Penicillin/streptomycin and 1 % 

Glutamax (Gibco, ThermoFisher Scientific) at 37°C, 5% CO2 in glass bottom CELLview™ 

cell culture dishes (Greiner Bio-One B.V.) until approximately 60-90% confluency on the day 

of the experiment.  

The cells were exposed to various fND dispersion in the cell culture medium in the final 

concentration of 1 μg/mL (see Scheme 3-2) for 2, 4, 6, 8, 17 or 24 hours at +37 °C and 5 % 

CO2. After the incubation the cells were rinsed with phosphate buffered saline (PBS, pH = 7.4) 

and fixed in 3.7% paraformaldehyde (PFA) for 15 minutes. The fixed cells were washed with 

PBS, stained with 4′,6-diamidin-2-phenylindol (DAPI) and stored in 1% paraformaldehyde 

(PFA) until the microscopic imaging and analysis. 

The visual recording of the cells and nanodiamonds was obtained using a LSM780 laser 

scanning confocal microscope (ZEISS), using a 405 nm laser for a DIC image and DAPI, and 

a 561 nm laser to excite the fNDs, which was detected between 653–758 nm.  

All confocal images were processed in FIJI 2.0.0 (https://fiji.sc), using Diffraction PSF 3D, 

Iterative Deconvolve 3D and 3D Objects Counter plugin. All fNDs that were not internalized 

were excluded from the analysis.   
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The following section is slightly modified and reproduced from V. Merz, J. Merz, M. Kirchner, 

J. Lenhart, T. B. Marder, A. Krueger, Pyrene-Based “Turn-Off” Probe with Broad Detection 

Range for Cu2+, Pb2+ and Hg2+ Ions, Chem. Eur. J. 2021, 27, 8118., with permission from Wiley-

VCH. 

4.1 Introduction 

The use of heavy metals in industry, agriculture, household and technology is among others 

one of the main sources for environmental pollution and detrimental effects on plants and the 

health of animals and humans.1–7 Metals such as copper, lead and mercury are among the most 

common in waste water.8 Copper is very common, not only in industry, but also in the home 

(copper pipes, etc.) and as a pesticide that is released directly into the environment. It causes 

diseases such as Wilson's disease and the so-called "vineyard sprayer's lung".9–11 Sources of 

lead pollution in the environment are manifold. The majority originate from the melting and 

processing of ores, but industrial and car exhaust gases, lead batteries, additives in paints and 

varnishes, and petrol additives that were used until the 2000’s are also sources.6b,12 

Consequential damage from prolonged exposure to these pollutants include reduced 

intelligence, delayed or impaired neurobehavioral development, reduced hearing acuity, speech 

impairment, and growth disorders, even at very low exposure.6 Mercury had its peak in 

industrial demand when numerous measuring instruments, such as thermometers, barometers, 

etc., as well as lighting tubes were manufactured using this metal. When it is released into the 

environment, mercury is broken down by microorganisms into toxic methyl mercury 

compounds and it accumulates in the food chain which causes the so-called Minamata 

disease.6,7,13,14 

Once heavy metals are ingested, their ability to be reduced or oxidized enables them to bind to 

biomolecules in various oxidation states and then alter or even block important functions of 

vital metal complexes, thereby circumventing control mechanisms of the organism and leading 

to toxic effects.5,7,15,16 

In order to prevent the release of heavy metals into the environment as early as possible, control 

mechanisms must be implemented whenever these metals are used.6,17,18 As heavy metals in 

industry are not only applied in an aqueous environment, whereas it is crucial to have water 

https://chemistry-europe.onlinelibrary.wiley.com/doi/abs/10.1002/chem.202100594
https://chemistry-europe.onlinelibrary.wiley.com/doi/abs/10.1002/chem.202100594
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soluble sensors, there is a need for sensors applicable in different solvents. It is therefore 

important to manufacture specific sensors for applications in different media. In order to 

address the diverse range of uses of heavy metals, and to detect and eliminate them quickly in 

the event of uncontrolled release into the environment, tailored sensors are required. 

In this work, we present a pyrene- and tetraethylene glycol (TEG)-based molecular sensor for 

selectively detecting Cu(II), Pb(II) and Hg(II) in health-relevant concentrations via quenching 

of the monomer fluorescence of pyrene in organic solvents. 

4.2 Results and Discussion 

The reported sensor combines a previously reported glycol precursor19 with a rigid arrangement 

of pyrene moieties. Due to its versatile and extensively investigated properties, pyrene is well 

suited as a chemical sensor.20–29 Pyrene derivatives functionalized at the 2-position via a one-

step iridium-catalyzed reaction with B2pin2 offers a significantly longer fluorescence lifetime 

in contrast to pyrene derivatives that are functionalized at the 1-position.30,31 As a chemosensor, 

in most cases, reports on the analyte in its excited state, the response is enhanced for sensors 

with longer excited state lifetimes, leading to improved sensistivity.32 However, until now, only 

a few chemosensors based on pyrenes functionalized at their 2-position have been 

reported.27,28,33,34 These sensors were designed to enter into targeted interactions with metals 

through functional groups or crown ethers on the pyrene. In our work, we combine pyrene 

functionalized at its 2-position with a tailored glycol chain, which has two decisive advantages. 

First, the molecule is soluble and can be purified via solution-phase methods such as 

chromatography and applied in a variety of solvents. Second, TEG provides crown ether-like 

properties which improve coordination to metal ions.35 Therefore, the sensor was constructed 

using a TEG chain carrying a branching moiety that bears three binding sites for pyrenyl groups 

bound at their 2-position. 

4.2.1 Synthesis and Characterization of a Rigid tris-Pyrenyl Sensor 

The TEG chain 4-1 is used as the scaffold for the attachment of three pyrenes via the formation 

of triazole linkers in a click reaction of 4-1 with three molecules of 2-ethynylpyrene 4-2 

(Scheme 4-1). The resulting tris-pyrenyl conjugate not only possesses the ability to complex 

metal ions, but the opposite terminus is designed to allow for subsequent immobilization of the 
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sensor using the amino function for coupling to, e.g., nanoparticles, chip surfaces or 

biomolecules. 

 

Scheme 4-1.  Synthesis of the glycol chain (dashed rectangle) and of probe 4-3  using click 

chemistry and its mode of action when complexing a divalent M 2+ cation in acetonitrile.  

A very important feature for the functionality of this probe is the reduced spacing and the 

ensuing low steric flexibility at the focal point of the molecule’s branching unit, preventing 4-3 

from forming intramolecular dimers of the pyrene head groups. The interaction between two 

molecule head groups to form an intermolecular dimer is also suppressed by the limited 

flexibility of the branching unit. These structural features allowed us to apply this sensor in a 

very broad concentration range (see below). Previously, Seela and Ingale reported a pyrene-

based sensor for the detection of Zn2+, which shows very efficient excimer formation due to the 

flexibility of the different pyrene moieties.36 However, due to its structural design, our probe 

does not show excimer emission that could mask possible signals in the longer-wavelength 

range in solvents such as MeOH, MeCN, CH2Cl2 and toluene from low to even very high 

concentrations (Supporting Information Figure S4-4 and Figure 4-1). However, for applications 

such as fluorescent ratiometric detection pyrene’s excimer emission can be of interest.36  
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Pyrene excimer formation is usually observed in the wavelength range between 400–600 nm, 

with a maximum at about 500 nm, and is used in many applications for sensing due to its 

fluorescence signal strength and sensitivity.25–27,37–41 However, when sensing depends on longer 

lifetimes of the excited state, a chemical sensor relying on monomer fluorescence is superior to 

a sensor based on excimer formation. Depending on the system, the lifetime of an excimer of 

pyrene is typically about one order of magnitude shorter than that of the excited monomer 

state.42 

The absorption and emission spectra of 4-3 are shown in Figure 4-1. The spectral features of 

pyrenes are clearly visible.  

 

Figure 4-1.  A) Normalized absorption and emission (excited at 337  nm) spectra of probe 4-3  in 

acetonitrile (concentration: 3.17  x  10 -6 mol  L - 1)  and B) fluorescence responses of 4-3  

(concentration: 1.02 x  10 -6 mol L -1) to a selection of monovalent and divalent metal ions (used 

in the form of perchlorate salts) at 10  eq excess (see SI for a complete set of tested cations).  

The absorption spectrum of unsubstituted pyrene consists of four bands,43 one forbidden band 

(S1  S0) at 372 nm ( = 510 mol-1 cm-1 L) with vibrational fine structure, two bands (S2  S0 

and S3  S0) at 334 and 272 nm, and a strongly allowed band (S4  S0) at 243 nm 

( = 88000 mol-1 cm-1 L).30,43 In this work, the absorption of the probe is very similar to that of 

unsubstituted pyrene due to the functionalization at 2-position of pyrene, which is situated on 

nodal planes in both the HOMO and LUMO, previously studied in detail by Marder and co-
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workers.30,44 Thus, the S1  S0 transition is still forbidden (372 nm) and the S2  S0 transition 

is slightly bathochromically shifted with a maximum at 337 nm. 

In a screening experiment, the effect of a large number of cations on the fluorescence of 4-3 

was investigated (Figure S4-12). The metal ions leading to significant changes and the most 

typical background ions were again measured as perchlorate salts, as these offer good solubility 

in acetonitrile and do not absorb light in the region of the sensor’s fluorescence, avoiding 

reabsorption of emitted light. Strong fluorescence quenching was observed in the presence of 

Cu2+, Pb2+ and Hg2+ while the emission wavelength was not influenced. Moreover, no 

quenching effects were observed upon addition of Ca2+, Mg2+, Na+ and K+, which makes the 

sensor interesting for applications in which solvents come into contact with ions that are 

typically present in aqueous environments. 

4.2.2 Fluorescence Titrations 

Titrations of the three analyte cations (Figure 4-2) show strong, concentration-dependent 

quenching until a plateau of -83 (Pb2+), -90 (Hg2+) and -99 (Cu2+) %, of their initial 

luminescence intensity is reached. 

The detection limit (LOD) describes the lower limit at which the sensor can reliably measure 

the ions. According to the definition, this is achieved if the measurement signal is at least 3.3 

times higher than the standard deviation of the measurement.45 Here, the LOD was determined 

for a sensor concentration of 1.02 x 10-6 mol L-1 leading to an optical density of 0.1. The 

strongest effect on the fluorescence of 4-3 (at a concentration of 1.02 x 10-6 mol L-1, 1 eq) is 

observed upon addition of Cu2+ translating to an LOD of 7.7 x 10-7 mol L-1 (0.7 eq), Pb2+ can 

be measured at concentrations from 6 x 10-7 mol L-1 (0.6 eq) and Hg2+ from 2.1 x 10-6 mol L-1 

(2 eq) equivalents with confidence, which allows the sensing of all these ions in the health-

relevant concentration range. However, as can be seen in the titrations carried out for the 

determination of the complex’ stoichiometry (see below), the system delivers precise values 

also in the single-digit nM range, when the concentration of sensor 4-3 is reduced to 

1.06 x 10-10 mol L-1.  
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Figure 4-2.  A)  Fluorescence titration spectra of sensor 4-3  at 1.02  x  10 -6 mol L -1 with the 

quencher ions Cu2 +(blue squares), Pb2 + (green triangles) and Hg 2 + (red dots), error bars are given 

for all data points (see Figure S4-13 for magnification); individual spectra for the titration of B) 

copper, C) lead, D) mercury. All cations were used in the form of their perchlorate salts  

For all sensor concentrations, quantitative statements can be made in a range of up to 50 eq. of 

the quencher ions, thus defining the upper limit of quantification (ULOQ). As can be seen in 

Fig. 2A, the linear part of the dynamic range of the sensor covers the ratio of 0 to 10 eq. of 

quencher (see below for a detailed discussion of the non-linear behaviour). Therefore, the 

ULOQ has to be determined by visual inspection of the titration curves, leading to ULOQ 

values of 20 eq. for Cu2+ (2.1 x 10-5 mol L-1) and for Pb2+ and Hg2+ of 50 eq (5.3 x 10-5 mol L-1) 

for a sensor concentration of 1.02 x 10-6 mol L-1. 

As the spectroscopic characteristics of the sensor fluorescence are identical for concentrations 

from 1.06 x 10-10 mol L-1 to 3.17 x 10-6 mol L-1 due to the absence of excimer formation, the 

concentration of 4-3 can be adjusted to the amount of quencher ions in the analyte solution. The 
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saturation plateau for the three ions Pb2+, Hg2+ and Cu2+ is reached at -83 %, -90 % and -99 % 

of the initial fluorescence intensity, respectively. 

The observed sensor properties are related to its mode of action. The system is based on 

dynamic quenching, which is the interaction of a quencher with a molecule in an excited state. 

Therefore, the sensitivity of the sensors strongly depends on the lifetime of the excited state 

from which the observed emission originates.46 Thus, the observed very long fluorescence 

lifetime of 3 (165 nm) is beneficial for an efficient sensing process if dynamic quenching is the 

mode of action. 

4.2.3 Fluorescence Lifetime Measurement 

As shown in Figure 4-3, the fluorescence lifetime of sensor 4-3 is strongly dependent on the 

ion concentration. This can be used to confirm the type of fluorescence quenching process. 

 

Figure 4-3.  Lifetime titration spectra of sensor 4-3  upon addition of A) Cu 2+, B) Pb2+ and C) 

Hg2+ .  

If dynamic quenching is involved, the decrease in lifetime is proportional to the concentration 

of the quencher.46 After reaching the ULOQ, the lifetimes decrease for 4-3 to 5 ns quenched by 

Cu2+, to 47 ns by Pb2+ and to 36 ns by Hg2+. Additionally, the characteristics of the dynamic 

quenching process, like the mode and rate of interaction between host and quencher, need to be 

investigated. 

4.2.4 Job Plots 

A commonly used method to determine the interaction stoichiometry of the host sensor with a 

guest ion, is the Job plot, which is shown in Figure 4.47,48 However, this plot cannot be used to 
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display systems with stoichiometries other than 1:1. In 1:2 or 2:1 complexes the maximum of 

the plot does not necessarily show the actual binding stoichiometry. In cases where the quotient 

of K1:1/K1:2 (or K1:1/K2:1) is larger than 1, the Job plot cannot be applied. Here, the maximum at 

0.5 indicates a 1:1 ratio, which has only one binding constant, thus the application of the Job 

plot is justified.49 This result has been confirmed using the free bindfit software, where a 1:1 

stoichiometry gave highly satisfactory results (http://supramolecular.org). The fit for 

hypothetical 1:2 and 2:1 complexes resulted in negative values for binding constants and/or 

unrealistically high error values, while the unconstrained fit for a 1:1 system coincided with the 

results of the linear fits (see Figure S4-5 and S4-6). 

 

Figure 4-4.  Job plot for each metal ion A) Cu 2 +,  B) Pb2 + and C) Hg2 + for a titration with a 

constant total host and guest concentration of 1.06  x  10 -9 mol L - 1 in the concentration ratio 9:1 

to 1:9 in integer steps.  

In addition to binding constants, the total concentration of the sensor is also a crucial factor for 

this type of analysis. The more concentrated the system, the more reliable values can be read 

from the Job plot.47 However, for fluorescence measurements, the concentration range is 

usually determined by two factors: the detection window is limited on one side by the 

fluorescence detection limit and on the other side by the prevention of self-quenching of the 

fluorophores. In the case of pyrene derivatives, excimer formation is also observed in 

concentrated solutions.29 By design, the system presented here has no possibilities to form an 

excimer, as already discussed. However, an unforeseen aspect of the molecular structure has 

been elucidated using Stern-Volmer plots (Figure 4-5). 
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4.2.5 Stern-Volmer Plots 

An important prerequisite for the validity of the Stern-Volmer equation is the equal accessibility 

of all molecules of the fluorophore by the quencher, i.e. the same Stern-Volmer constant must 

apply to all molecules of the fluorophore.50 If this precondition is not applicable due to the 

presence of differently accessible fluorophores, the Stern-Volmer equation cannot be used in 

its usual form. In the system presented here, all titrations can be linearly fit in the Stern-Volmer 

plot for the range of 0–7 eq (0–7 x 10-6 mol L-1) of quencher. 

The quenching constant, the Stern-Volmer constant (KSV), can be read from the slope of the 

straight line. The slope for Cu2+ is 1.3 x 105 M-1, for Pb2+ 8.1 x 104 M-1 and for Hg2+ 

2.9 x 104 M-1. For concentrations above 7 eq, however, the slope of the curve increases. Values 

for F0/F – 1 in the Stern-Volmer plot deviating from linearity to higher values indicate the 

presence of processes that lead to a more efficient quenching of the fluorescence at higher 

quencher concentrations. 

 

Figure 4-5.  Stern-Volmer plots of A) Cu 2 +,  B) Pb2+  and C) Hg2 + t itrated to a constant host 4-3  

concentration (1.02  x  10 - 6 mol L - 1
,  1  eq) from 0–200  eq of analyte. The insets show the linear 

regions at low quencher concentration.  

These results suggest that a further quenching effect comes into play at higher ratios of guest 

ions to host sensor 4-3. As the formation of excimers can be excluded from concentration-

dependent measurement of 4-3, we hypothesized that larger aggregates are formed. In fact, with 

the help of dynamic light scattering (DLS) experiments (Figure 4-6), metal ion-induced 

aggregate formation was confirmed that is not observed for solutions of sensor molecule 4-3 in 
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the absence of metal ions. The formation of flocculates upon the generation of an iron complex 

of a pyrene sensor that led to fluorescence quenching has been reported.51 

 

Figure 4-6.  DLS size measurement (diameter) in acetonitrile of probe 4-3  (5  x  10 -6 mol L - 1
,  1  eq) 

in the presence of 200  eq of Cu2 +. To identify the different size classes of aggregates, different 

presentation modes of the scattering signal are shown. Note: Large objects are overrepresented 

in the intensity plot due to their higher scattering cross section (scaling with r 6) whereas in the 

number plot, larger objects are not visible due to their low concentration.  

The aggregation process was found to be reversible as shown by the disappearance of the 

agglomerates upon addition of an equally concentrated solution of 4-3 until the concentration 

of Cu2+ is reduced to 60 eq, and their slow reformation after about 30 min as shown by DLS 

(see Figure S9 for details). As can be deduced from the volume distribution determined by DLS, 

90 % of the agglomerates are smaller than 3.5 nm in diameter. The simultaneous presence of 

larger objects in the size range of 30 and 200 nm is evidenced by the scattering peaks in the 

intensity distribution. This confirms the suspected complex agglomeration behaviour of the 

sensor molecule. In previous agglomeration studies similar observations have been reported for 

titrations and the associated Stern-Volmer plots.50,52–54 

4.2.6 Comparison with Benesi-Hildebrand Plots 

Another frequently applied method to characterize the binding between host and analyte is the 

Benesi-Hildebrand method, where the binding constant (Ka) can be determined from the double 

reciprocal plot of the fluorescence ratio over the quencher concentration (see Figure S10).55 
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As for the Stern-Volmer plot, the Benesi-Hildebrand plots of 4-3 exhibits the different 

interaction regimes at low and high analyte concentrations. For Cu2+ and Pb2+, the linearity is 

preserved in the low concentration range, the results for Hg2+ are not fully congruent. However, 

it turns out that in the sensitive area of the sensor (0-10 eq), the linearity is not sufficiently 

accurate to use the results of the Benesi-Hildebrand method to determine the binding constants. 

At higher concentrations (>20 eq), all three systems show linearity. However, the binding 

constants calculated from these slopes differ greatly from the results obtained with the bindfit 

method for the region of >10 eq (Table 4-1). 

Table 4-1.  Quenching constants KSV obtained from Stern-Volmer-plots and binding constants K a  

obtained from Benesi-Hildebrand (BH) plot and the software bindfit  for low and high quencher 

concentrations.  

Quencher eq KSV [M-1] Ka(BH)[M-1] Ka(bindfit) [M-1] 

Cu2+ <10 1.3 x 105 1.26 x 105 1.54 x 105 

Cu2+ >10  1.21 x 106 3.96 x 104 

Pb2+ <10 8.1 x 104 2.25 x 104 1.10 x 104 

Pb2+ >10  1.55 x 105 2.18 x 104 

Hg2+ <10 2.9 x 104  2.02 x 105 9.16 x 105 

Hg2+ >10  5.69 x 104 2.99 x 104 

 

The results for the respective binding constants, determined via the Benesi-Hildebrand-plot and 

bindfit, suggest that the Benesi-Hildebrand plot fails to adequately describe a quenching method 

that consists of dynamic quenching and agglomeration, which has also been discussed 

previously.48 

4.2.7 NMR Titration 

In order to obtain more information about the binding constants in addition to the fluorescence 

titration experiments, we performed NMR titration experiments in DMSO-d6 to investigate the 

1H-NMR shifts upon addition of the three quenchers. The results are presented in the SI (Figure 

S4-11). They suggest that the interaction of the metal ions is not limited to the pyrene moiety 

and the triazole unit, but also involves the TEG chain, as indicated by the concomitant strong 

1H NMR shift. The NMR experiments also confirm an identical binding mode for all three 
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analyte ions (see details in SI). In the concentration range that was observable by NMR 

spectroscopy (0–50 eq), no saturation effect was found, thus confirming the assumed dynamic 

interaction between the ions and the sensor. 

4.3  Conclusion 

A highly specific, pyrene-based turn-off probe for the detection and quantification of the 

environmentally important metals Cu2+, Pb2+ and Hg2+ was developed. The substitution of 

pyrene at its 2-position instead of the usual 1-position led to a rare probe with long fluorescence 

lifetimes enabling investigation of the dynamic quenching mechanism. Furthermore, the 

rigidity of the sensor architecture prevents the otherwise prominent excimer formation of the 

pyrenes and thereby allows the study of the monomer emission. A 1:1 complex stoichiometry 

was confirmed using bindfit and Job plots, whereas the Stern-Volmer plots revealed a complex 

set of interactions involving not only the formation of the stoichiometric complex, but also the 

reversible, metal-induced formation of nanosized aggregates at higher quencher concentrations. 

Binding constants in the range of 1.10 x 104 – 9.16 x 105 M-1 allow for the sensitive 

quantification of the ions over a broad concentration range in organic solvents. In the future, 

the system could be immobilized on a solid support to prevent aggregate formation and 

moreover, make the system applicable in aqueous environments. Such applications are already 

underway in our laboratory. 
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4.4  Experimental Section 

Synthetic and Spectroscopic Procedures 

General methods. Azide 4-1 and alkyne 4-2 were prepared according to literature 

procedures.19,44 All other starting materials were purchased from commercial sources and used 

as received. The solvents were freshly distilled and dried using standard procedures. Nuclear 

magnetic resonance spectra (1H and 13C) were measured with a Bruker AVANCE 400 FT-NMR 

spectrometer at 27 °C. For the calibration of spectra, the chemical shift of the deuterated 

solvents was used as internal reference. HRMS were recorded using a Thermo Scientific 

Exactive PlusOrbitrap MS system with either an Atmospheric Sample Analysis Probe (ASAP) 

or by Electrospray Ionization. The characterization by Fourier-transform infrared spectroscopy 

(FTIR) was carried out using a Jasco FT/IR-430 spectrometer fitted with an attenuated total 

reflection (ATR) MIRacle unit from PIKE Technologies. The particle size was measured using 

a Malvern Zetasizer Nanoseries Nano-ZS (dynamic light scattering, backscattering mode). The 

size distribution is given as volume, number and intensity distribution and was obtained using 

the Marquardt method. Degassing of solutions was performed by sonication using a Bandelin 

Sonorex Digitec Typ DT52 sonicator bath (max. 80 W, 35 kHz). All photophysical 

measurements were carried out under an argon atmosphere by preparing the samples in an 

argon-filled glovebox. The solution state measurements were performed in standard quartz 

cuvettes (1 cm x 1 cm cross section). The UV/Vis absorption spectra were measured using an 

Agilent 1100 diode array UV/Vis spectrophotometer. Excitation, emission, lifetime and 

quantum yield measurements were recorded using an Edinburgh Instruments FLSP920 

spectrometer equipped with a 450 W Xenon arc lamp, double monochromators for the 

excitation and emission pathways, and a red-sensitive photomultiplier (PMT-R928P) as the 

detector. The measurements were performed in right-angle (90°) geometry mode and all spectra 

were fully corrected for the spectral response of the instrument. 

Fluorescence quantum yields of the samples were measured using a calibrated integrating 

sphere (150 mm inner diameter) from Edinburgh Instruments attached to the FLSP920 

spectrometer described above. For solution-state measurements, the longest wavelength 

absorption maximum of the compound in the respective solvent was chosen for the excitation. 
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In order to exclude self-absorption, the emission spectra were measured with dilute samples 

(approx. 0.1 optical density at the excitation wavelength). 

Fluorescence lifetime measurements were conducted using the time-correlated single-photon 

counting method (TCSPC) on the FLSP920 spectrometer equipped with a high-speed 

photomultiplier tube positioned after a single emission monochromator. Measurements were 

made in right-angle (90°) geometry mode, and the emission was collected through a polarizer 

set to the magic angle. Solutions were excited with a 315 nm (pulse width 932.5 ps) pulsed 

diode laser at repetition rates of 1–5 MHz and were recorded at the emission maxima. Decays 

were recorded to 10,000 counts in the peak channel with a record length of at least 4,000 

channels. The band-pass of the monochromator was adjusted to give a signal count rate of 

<20 kHz. Iterative reconvolution of the instrument response function (IRF) with one decay 

function and nonlinear least-squares analysis were used to analyze the data. The quality of all 

decay fits was judged to be satisfactory, based on the calculated values of the reduced χ2 and 

Durbin-Watson parameters and visual inspection of the weighted and autocorrelated residuals. 

The titration experiments for the Job plot were carried out in a 0:10–10:0 ratio (c/c), the total 

concentration of all components always being 1.06 x 10-9 mol L-1. For all other titrations, the 

concentration of the host was kept constant at 1.02 x 10-6 mol L-1 and 0–200 eq of the quencher 

was added. All titrations were carried out at least in triplicate to obtain a standard deviation. 

Synthesis of 4-3. Under an N2 atmosphere, azide 4-1 (0.80 g, 1.6 mmol, 1.0 eq) and alkyne 4-

2 (1.50 g, 6.6 mmol, 4.1 eq) were dissolved in DMF (20 mL) and degassed under a stream of 

nitrogen in an ultrasonic bath for 15 min. Sodium ascorbate (1.31 g, 6.6 mmol, 4.1 eq) and CuI 

(0.42 g, 1.6 mmol, 1.0 eq) were then added and the mixture was stirred at room temperature for 

20 h. The solvent was removed, and the residue was dissolved in CH2Cl2 and water. The organic 

phase was washed with brine and the combined aqueous solutions extracted with CH2Cl2. The 

combined organic phases were dried over magnesium sulphate and concentrated under reduced 

pressure. The crude product was purified by column chromatography (eluent CyH / EtOAc, 1:1 

→ 0:1, v/v). After evaporation of the solvent, product 4-3 was obtained as a yellowish solid. 

Yield: 0.6 g (0.51 mmol, 32 %). M.p.: 180-220 °C. Rf (cyclohexane/EtOAc, 1:1): 0.05. 1H 

NMR (400 MHz, CDCl3):  = 8.94 (s, 3H, H-12), 8.73 (s, 6H, H-7), 8.16 (d, 3J2,1 = 7.6 Hz, 6H, 

H-2), 8.13-8.03 (m, 12H, H-4+5), 7.99 (dd, 3J1,2 = 7.6 Hz, 3H, H-1), 4.81 (br, 1H, H-24), 4.69 



4.4 Experimental Section 

- 113 - 

 

(s, 6H, H-13), 3.90-3.81 (m, 4H, H-18/19/20/21), 3.79-3.74 (m, 2H, H-18/19/20/21), 3.74-3.64 

(m, 2H, H-18/19/20/21), 3.42-3.33 (m, 2H, H-16), 3.32-3.27 (m, 2H, H-17), 3.27 3.19 (m, 2H, 

H-22), 3.18-3.01 (m, 4H, H-15+23), 1.36 (s, 9H, H-27) ppm. 13C NMR (100 MHz, CDCl3):  

= 156.0 (Cq, C-25), 148.2 (Cq, C-11), 131.8 (Cq, C-8), 131.2 (Cq, C-6), 128.1 (CH, C-4), 127.9 

(Cq, C-3), 127.5 (CH, C-5), 126.2 (CH, C-1), 125.4 (CH, C-2), 124.7 (Cq, C 9/10), 124.6 (Cq, 

C 9/10), 124.2 (CH, C-12), 122.1 (CH, C 7), 79.3 (Cq, C 26), 77.4 (CH, C-16), 70.8 (CH2, C 

17-22), 70.7 (CH2, C 17-22), 70.6 (CH2, C 17-22), 70.5 (CH2, C-17-22), 70.1 (CH2, C 17-22), 

70.0 (CH2, C 17-22), 68.3 (CH2, C-15), 49.7 (CH2, C-13), 46.5 (Cq, C-14), 40.2 (CH2, C-23), 

28. 5 (CH3, C-27) ppm. FT-IR (ATR):  = 3127 (w), 3039 (w), 2966 (w), 2868 (m), 1704 (vs), 

1608 (m), 1504 (s), 1437 (s), 1365 (s), 1275 (m), 1245 (vs), 1170 (vs), 1137 (vs), 1095 (vs), 

1040 (vs), 1006 (w), 962 (vw), 879 (vs), 839 (vs), 819 (vs), 759 (m), 727 (s), 706 (vs), 660 (m), 

608 (w) cm-1. HRMS (ESI,+): found: 1164.5000 [M]+; calc. for [M]+: 1164.5010. 
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Pyrene-functionalized Nanodiamond 

for Sensing of Cu(II), Pb(II) and Hg(II) 
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The following section is slightly modified and reproduced from the manuscript of V. Merz, J. 

Merz, T. B. Marder, A. Krueger. 

5.1 Introduction 

In recent years, the number of applications for nanodiamonds (NDs) has increased.[1,2] An 

important reason for this is, besides the chemical diversity, its non-toxic properties in in vivo 

experiments. Good colloidal stability in aqueous media as well as organic solvents make ND a 

promising candidate for sensor applications in, for example, wastewater or even physiological 

media.[3] The potential applications of defect structures in diamonds, in particular 

nanodiamonds, were recognized early on, giving single crystal diamonds several hundred 

different colors. These defect centers, such as NV centers, can be changed by chemical and 

physical influences and thus serve as sensors as well.[4] If defect centers in NDs are to be used, 

they are usually layered on electrodes to obtain information. When it comes to the detection of 

metal ions in solutions, classical sensor molecules, for instance by static and dynamic 

quenching, are important to obtain quantitative results.[1,5,6] Thus, both quenching types are 

relevant when it comes to the sensitivity of chemical sensors to heavy metal ions in wastewater. 

This is particularly important when the use of heavy metals in industry, agriculture, households 

and technology leads to environmental pollution that can be found in wastewater and 

groundwater. Such pollution leads to enormous toxic influence on the health of plants, animals 

and humans due to the accumulation in food chains.[7,8,9] Metals such as copper, lead and 

mercury are among the most common contaminations found in waste water.[10] When these 

metals are ingested in a living being, their reduction and oxidation ability, in the form of metal 

complexes, enables them to block vital metal complexes or even replace important metal ions, 

bypassing control mechanisms of the organism and making it complex toxic.[8,9,11] 

Here, we combine the advantage of in water colloidal stability of widely non-toxic ND-particles 

and classic chemical sensors to be able to detect metal ions in wastewater.[5] Due to the versatile 

surface of nanodiamonds, a broad range of reactions can be carried out and thus the properties 

of the NDs are significantly changed depending on the immobilized moieties. For instance, by 

functionalizing the surface, colloidally stable dispersions of NDs in a wide variety of media can 

be achieved.[12,13] Hence, the potentially large surface area of NDs are permanently accessible. 
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In our recently published work, we have shown that a modular system consisting of a 

tetraethylene glycol chain in combination with an azide head group for click reactions has a 

positive effect on the stabilization of the NDs in complex media.[12] The click reaction enables 

a variety of possible applications, such as the connection of dyes, which are equipped with 

heteroatoms with the help of the triazoles formed by the reaction. Triazoles are known to bind 

well to metal ions and, for example, dyes that are functionalized with triazoles by a click 

reaction can act as a chemosensor.[14] Here, we use pyrene that has been functionalized at its 2-

position which has been realized via a very convenient one-step iridium-catalyzed C-H 

borylation. This offers, in contrast to pyrene derivatives that are functionalized at the 1-position, 

a significantly longer fluorescence lifetime.[15] The asset of this property is an enhanced 

sensitivity of the sensor as the quenching mechanism of most chemosensors is based on an 

interaction with an analyte in its excited state.[16] In this work, we present a new pyrene-

functionalized nanodiamond chemosensor, shown in Scheme 5-1, for detection of Cu2+, Pb2+ 

and Hg2+ ions.  

 

Scheme 5-1.  Reaction of ND derivative 5-1  and 2-ethynyl pyrene 5-2  to the final chemosensor 

5-3 .  

During the click creation, a 1,2,3-triazole is generated via cyclization of the alkyne moieties in 

2 and the azide groups in 1 using CuI as the catalyst, which was completely removed in chelated 

form after the reaction was completed. Thus, our sensor 3 has an expanded conjugated π-

system and a distinguished metal ligand is inserted.  The fact that the triazole-functionalized 

pyrene skeleton is kept close together by the head group of the chain leads to the following 

advantages: firstly, the three-triazole- moieties can intramolecularly form a complex with one 
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metal ion and secondly, not only intramolecularly, but also intermolecularly, excimer formation 

is prevented by the sterically hindered arrangement of the individual chromophores. This has 

been extensively tested on the molecular sensor beforehand and analyzed in our recently 

published work.[17]  

The novel combination of the sensor on the ND allows to unite the advantage of the long 

lifetime of pyrene and the colloidal stabilizing effect of the ethylene glycol chain on the 

nanoparticle.  Analogous to the previously published sensor, this sensor is also sensitive only 

to Cu2+, Pb2+ and Hg2+ ions among all the tested metal ions, which is why only these three ions 

will be discussed further.[17]  

5.2 Results and Discussion 

The grafting on the nanodiamond’s surface was carried out using a modified version of the 

recently published functionalization method.[12] The course of the reaction can be followed 

observing the aromatic bands (600–800 cm-1) of the pyrene headgroups and the two bands of 

azide (2103 cm-1) and alkyne (2100 and 3126 cm-1) in the FT-IR spectrum (see Figure 5-1). 

 

Figure 5-1 . FT-IR (KBr) spectra of the reaction cascade of the milled ND 5-4  to an acid grafted 

ND 5-5,  which undergoes a reaction with azide -chain 5-6  to a precursor-ND 5-1  and in a final  

click-reaction with pyrene 5-4  to the chemosensor 5-3 ,  with respected images of the dispersion 

in water (~10  mg  mL -1): from left to right the dark dispersion 5-4 ,  the gray dispersion 5-5 , the 

second gray dispersion 5-1  and the yellow dispersion 5-3 .   
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After the click reaction of ND 5-1 with pyrene 5-2 the hydrodynamic diameter of the particles 

represented by the Dv(50) value changed from 133 nm to 194 nm which indicates the growth 

of the particle’s shell. The zeta potential remains largely unchanged (from 24 to 27 mV), which 

is expected for a reaction without changing the charge of the surface. Also, the color of the 

dispersion changed from bright greyish to yellowish due to the yellow pyrene derivative used 

for the reaction. However, dried samples remain dark grey after the reaction. 

An important point for sensor preparation is that the sensor molecule is freely accessible to the 

analyte, i.e., it must not be adsorbed on the ND surface, for example. As reported earlier, the 

organic moiety of 5-3 functions as a dynamically quenched sensor, thus the sensor needs to be 

freely accessible for collusion interactions with the metal ion.[17] However, the flexibility of the 

covalently attached linker moiety enables adsorption of pyrene head groups at the ND. To 

ensure the functionality of the sensor, this adsorption needs to be minimized. 

 

Figure 5-2.  Schematic illustration of the A) preparation of ND in an ultrasonic bath, B) 

preparation of ND in an ultrasonic bath and addition of NaClO 4, C) fluorescence spectra of ND 

5-3 (0.5  mg, sensor conc.:  1.4x10 -5  M) in dry and degassed MeCN, D) fluorescence spectra of 

the finished procedure of B and addition of NaClO 4  in a high concentration.  
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In general, NDs can almost always be purified after a chemical reaction via washing processes 

with various solvents or acids/alkalis, complexing reagents or by dialysis. However, in our case 

this procedure was not sufficient as the fluorescence of our sensor 5-3 is not quenched in the 

presence of Cu2+, Hg2+ and Pb2+(see Figure 2). Thus, a competing process must take place that 

increases the intensity of the fluorescence. As it is known that ND can easily adsorb dyes on its 

surface, due to the versatile surface groups of NDs[18], we have come to the conclusion that the 

salts, which according to our previous studies quench the fluorescence of our sensor, have 

contributed to desorb more inactive dyes from the surface and thus a fluctuation in the intensity 

takes place between the quenched sensor and the freshly released sensor (see Figure 5-2. A). 

To complete the desorbtion of the chemosensor head groups prior to the actual sensor 

application, the ND was washed with a salt solution that does not quench with the sensor. As a 

result, the intensity signal after 5–15 min sonication already improves in 40–50% (see Figure 

5-2. B (left part) and C). After the ND is washed with sodium perchlorate until no fluorescence 

intensity rise is visible anymore the dispersion is desalted by extensive washing and sodium 

perchlorate was again added in an extremely high concentration in order to observe the 

influence of high salt concentration (see Figure 5-2. B (right part) and D). Two decisive 

advantages were found by observing the fluorescence spectra: On the one hand, the ND 

dispersions are colloidally stable for a few minutes, although the salt concentration was up to 

9 mg mL-1 (3500 eq) at a maximum. On the other hand, as soon as the maximum intensity is 

reached by washing, the sodium perchlorate in extreme excess has almost no influence (± 3 %) 

on the spectrum, which can probably be explained by interactions in the highly concentrated 

salt medium between the particles, since ND tend to agglomerate slightly in saline solutions. In 

the following, the ND, which has been washed with sodium perchlorate and then desalted, is 

used as the starting material for all measurements. Titration with Cu, Hg and Pb, which was 

measured with high and without sodium perchlorate content in MeCN, shows that the sensing 

of Cu2+, Hg2+ and Pb2+ is not affected by the presence of sodium ions. (see Figure 5-3). 
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Figure 5-3. Titration of ND 5-3  (0.5 mg, sensor conc.: 1.4x10 -5 M) in MeCN with Cu 2 +  (A), Hg2 + 

(B) and Pb2 + (C) in presence of sodium perchlorate and without.  

The titration in acetonitrile is very similar to the titration of the organic chemosensor, which is 

almost completely quenched with Cu2+ at relatively low concentrations (100 eq, 1.4x10-4 M) 

already, while the quenching with the two other metal ions takes place much more slowly even 

if overall higher concentrations are detected here (> 300 eq). The chemosensor without ND has 

already reached its limit at 20–50 eq, while with the ND as carrier, the sensor is quenched more 

slowly. This is expected since the sensor interacts not only with itself and the surrounding metal 

ions, but also with the ND surface. If the sensor chains are attached to the nanodiamond surface, 

the interaction with the metal ion may be prevented (see Figure 5-2). By desorbing the sensor 

from the ND surface, it can be assumed that almost all sensor molecules can interact with the 

metal ions during the titration. Consequently, only desorbed sensor headgroups can interact 

with the analyte. If all sensor functions interact with the analyte Cu2+, then the fluorescence 

intensity should be quenched to well above 90%, as with the organic sensor molecule. This is 

the case for the given system. To allow the availability of desorbing chemosensor head groups 

to interact with the analyte, the ND is washed with Na+. However, these due not influence the 

quenching behavior. By titrating with and without the addition of Na+ ions, it was found that 

no significant influence on the quenching behavior of all three analytes was detected. The 

quantum yield of the sensor without ND is 94 % in MeCN.[17] Compared to this the quantum 

yield of chemosensor ND 5-3 decreases to 52 % in MeCN. It should be noted that the previously 

purely organic chemosensor was not water soluble, and by binding to the ND, it not only forms 

colloidally stable dispersions, but also can be used as a chemosensor with good quantum yield. 

Furthermore, working under an oxygen-free atmosphere in dry and freshly cleaned solvents is 
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usually important for chemosensors. Here we present a dispersion that not only enables the 

measurement in water, but even allows practicality in contaminated tap water under an oxygen 

(95 %) atmosphere. 

In order to characterize the sensor properties under relevant application conditions, we 

subsequently contaminated water with the three analytes and determined their concentration 

with 0.5 mg of a dispersion of 5-3 without protective gas during the fluorescence titrations (see 

Figure 5-3). It was found that the sensor's quantum yield amounts to 3.5% under optimal 

aqueous conditions (double-distilled water, degassed and under an argon atmosphere). The 

measurement in tap water (27 dH) and saturation with 95% pure oxygen gives a quantum yield 

of 2.1%, which corresponds to 60% of the best possible value. The real value lies between the 

two quantum yields depending on the hardness of the water and the oxygen content in the air 

and in the water. 

 

Figure 5-4.  Titration experiments in tab water under air conditions A)  Fluorescence titration 

curve and B) Stern Volmer (SV) Plot of ND 5-3  (0.5 mg, sensor conc.: 1.4x10 -5 M) with each of 

the following three analyte ions in blue (Cu 2+)  green (Pb2 +) and red (Hg2 +) and a zoomed part as 

an inset for the area of 0–8  eq.  

All three ions quench the fluorescence of the sensor in water. The maximum quenching is 

reached for copper at -88%, for lead at -85% and for mercury at -85% of the initial fluorescence 

intensity. Although this corresponds to the trend of the sensor without ND, there is a clear 

difference in the quench constant. Mercury is a hundred times more effective than the other two 

metal ions when quenching in water. While for lead and copper the saturation of quenching 
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only occurs after the addition of 300-600 eq, with mercury after 6 eq there is no longer any 

effect due to the addition of further salt. Mercury exhibits the highest binding constant based 

on the fluorescence titration curves (Figure 5-3 A). A comparison of the binding constants Ka 

obtained using the bindfit algorithm for the organic sensor molecule and the sensor bound to 

ND is shown in Table 5-1.  

Table 5-1.  Comparison of the binding constant K a of the organic sensor and the sensor attached 

on ND’s surface using the software bindfit limit of detection (LOD), l ower limit auf 

quantification (LLOQ) and upper limit of quantification (ULOQ) of the ND -sensor.  

Analyte Ka(bindfit) [M-1] Ka(bindfit) [M-1] (ND) LOD [M] LLOQ 

[M] 

ULOQ 

[M]* 

Cu2+ 1.73x10+5 3.09x10+3 1.11x10-5 3.35x10-5 2.10x10-3  

Pb2+ 1.12x10+5 3.64x10+3 1.43x10-5 4.29x10-5 2.10x10-3  

Hg2+ 4.62x10+4 6.39x10+4 1.74x10-6 5.23x10-6 4.20x10-5  

*estimated from the curve for Cu2+/Pb2+: 150 eq and Hg2+: 4 eq 

 

While the binding constant for the titration of Hg2+ are almost identical for the free and the 

immobilized sensor, the binding constants for Cu2+ and Pb2+ are 55 and 30 times smaller for the 

ND-bound sensor, respectively. It is known that ND’s surface moieties can also be coordinated 

through versatile mechanisms to ions. Such an attachment can strongly influence the balance 

of a dynamically quenched chemosensor. [20] The binding constant of the chemosensor with 

Hg2+ is approximately the same for both systems, on the nanoparticle and as a molecule without 

a carrier. This can mean that the analyte interacts only with the chemosensor without further 

interactions, e.g., with the ND surface. 

The limit of detection (LOD) is determined by the 3.3 times of the error bar on the ordinate of 

the SV-plot.[21] The analyte which is detected with the highest sensitivity by ND 5-3 is Hg2+ 

which is detected 6-8 times more effectively than the Cu2+ and Pb2+. The lower limit of 

quantification (LLOQ) can be found by multiplying the LOD by 3, but for a complex system 

without a linear course of the SV-plot (see Figure 5-3 B) this is not possible.  
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A realistic value for the ULOQ can be set for Cu2+/Pb2+ as 150 eq and for Hg2+ at 4 eq. As a 

result, the values can be summarized so that Hg2+ is detected more sensitive (LOD / LLOQ) but 

Cu2+ and Pb2+ have an approximately 35 times wider detection range (LLOQ–ULOQ). 

5.3  Conclusion 

A new nanodiamond sensor system containing TEG chains linked to triazoles carrying pyrene 

moieties is reported. The TEG linker ensures the colloidal stability in salt solutions and thus 

renders the sensor applicability in relevant sensing environments. Moreover, new insight into 

the often-overlooked interactions of the nanoparticle surface with the solvent and the organic 

and inorganic compounds are given. The interaction between ND surface, solvent, ions and 

aromatic compounds, which is otherwise very difficult to classify, could be presented in a 

measurable way. It was uniquely demonstrated that washing with a wide variety of solvents 

does not sufficiently uncover the surface of NDs. Rather, it is important to also establish the 

accessibility of the functional groups, which only then, as in this work, can act as a sensor, or 

can also undergo further reactions. This is achieved by reversible saturation of the ND surface 

with Na ions, which provide for desorption of the sensor head group. Due to the generally good 

colloidal stability of NDs in water, it is possible to use a previously completely water-insoluble 

chemosensor for sensing in water, which, due to the modular architecture of the chemosensor, 

can also be transferred to a variety of different water-insoluble molecules. The functionalization 

of the sensor linker to NDs still bears the ability of detecting Cu2+, Pb2+ and Hg2+ without being 

influenced by other metal ions with detecting ranges of 1.4x10-5–1.4x10-3 M. This study clearly 

shows the versatility of our linker system and more chromophores can be linked to ND for 

further studies. Due to its non-toxic properties, the ND based sensor could also be used for 

applications such as bioimaging. This method can also be extended to fluorescent ND for 

imaging applications, which is especially interesting for systems where the sensor is completely 

quenched. 
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5.4  Experimental Part 

General Methods: All solvents were freshly distilled and dried using standard procedures. For 

washing the samples, the sonication was carried out in a Bandelin Sonorex Digitec Typ DT52 

(max. 80 W, 35 kHz) and for centrifugation a Thermo Scientific Sorvall MTX 150 was used at 

52.000 RPM. The characterization with FTIR was carried using a Jasco FT/IR-430 using ≈1 mg 

ND in a 200 mg KBr pellet dried in vacuo. Attenuated total reflection (ATR) infrared spectra 

were recorded using the same spectrometer equipped with an ATR unit MIRacle from PIKE 

Technologies. IR spectra of ND samples were additionally measured for reaction control using 

diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) with a Nicolet iS5 

spectrometer. The particle size and zeta potential were measured in doubly distilled water (DD 

water) at the intrinsic pH of the sample colloid using a Malvern Zetasizer Nanoseries Nano-ZS 

(dynamic light scattering, backscattering mode). The size distribution is given as volume 

distribution and was obtained using the Marquardt method. Degassing the samples was 

performed by sonication in a bath type Bandelin Sonorex Digitec Typ DT52 (max. 80 W, 35 

kHz) while purging the dispersion with argon. Thermogravimetric analysis (TGA) was 

performed with a Perkin-Elmer STA 6000 with 60 mL min−1 N2 flowrate and a heating rate of 

10 K min−1 from 50 to 130 °C, a plateau time of 60 min at 120 °C, and a heating phase from 

120 to 650 °C at 5 K min−1. All photophysical measurements were carried out under an argon 

atmosphere unless stated otherwise and solution state measurements were performed in 

standard quartz cuvettes (1 cm x 1 cm cross section). The UV/Vis absorption spectra were 

measured using an Agilent 1100 diode array UV/Vis spectrophotometer. Excitation, emission, 

lifetime and quantum yield measurements were recorded using an Edinburgh Instruments 

FLSP920 spectrometer equipped with a 450 W Xenon arc lamp, double monochromators for 

the excitation and emission pathways, and a red-sensitive photomultiplier (PMT-R928P) and a 

near-IR PMT as detectors. The measurements were made in right-angle geometry mode and all 

spectra were fully corrected for the spectral response of the instrument.  

Fluorescence quantum yields of the samples were measured using a calibrated integrating 

sphere (150 mm inner diameter) from Edinburgh Instruments combined with the FLSP920 

spectrometer described above. For solution-state measurements, the longest wavelength 

absorption maximum of the compound in the respective solvent was chosen for the excitation. 
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In order to exclude self-absorption, the emission spectra were measured with dilute samples 

(ca. 0.1 OD at the excitation wavelength). 

The titration experiments the concentration of the host (5-3) was kept constant at (0.5 mg), 

1.4x10-5 M and 0–3500 eq of the analyte was added. All titrations were carried out at least five 

times to obtain a standard deviation. 

Synthesis of chemosensor 5-3 

The initial functionalization of pristine ND 5-4 was described in detail in our recently published 

work.[12] 

The azide 5-1 (30 mg) dispersed in 1:1 DD-water/DMF and the alkyne 5-2 (30 mg, 0.13 mmol, 

1.00 eq) were degassed under a stream of nitrogen in an ultrasonic bath for 15 min. Sodium 

ascorbate (105 mg, 0.53 mmol, 4.00 eq) and CuI (34 mg, 0.13 mmol, 1.00 eq) were then added 

and the mixture was stirred at room temperature for 72 h. During the day it was put in ultrasonic 

bath at intervals of 2–2.5 h for 8–10 h. After the reaction control by DRIFT spectroscopy 

showed no azide band at 2100 cm-1, the mixture was washed with 20 mL of each solvent acetone 

(5x, 16k RPM), DMSO (5x, 52k RPM), ethylenediamine tetraacetic acid (EDTA) solution 

(0.1 M in ethanol, 3x, 16k RPM), dichloromethane (DCM, 5x, 12k RPM), acetone (3x 16k 

RPM), DD-water (3x, 16k RPM). For the removal of unreacted pyrene 5-2, the ND was washed 

again in consecute dipserion-centrifugation steps with acetone (3x 16k RPM) acetonitrile 

(MeCN, 20x, 16k RPM), DCM (20x, 12k RPM), (3x 16k RPM) and DD-water (5x, 16k RPM). 

Before the titration experiments the chemosensor 5-3 was washed with water/MeCN (5x, 3000 

eq of NaCl, 16k RPM) and DD-water/MeCN (5x, 16k RPM). yield 42 mg of 5-3 (yellowish 

dispersion in water, grayish powder). Zeta potential: 27 mV (DD-water, intrinsic pH = 6.3), 

particle size: (DLS, DD-water): 10% ≤ 120  nm, 50% ≤ 194  nm, 90% ≤ 305  nm, surface 

loading (TGA): 10 % (130–450 °C), FT-IR (KBr): 𝜈 = 3405 (w), 3034 (vw), 2915 (s), 2855 

(m), 1711 (m), 1628 (s), 1454 (w), 1370 (w), 1298 (m), 1253 (m), 1178 (m), 1140 (m), 1180 

(vs), 1095 (s), 1038 (m), 983 (w), 931 (w), 882 (m), 833 (vw), 811 (m), 764 (m), 745 (s), 779 

(m), 628 (s), 583 (s) cm-1.  
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6.1 Summary 

Nanodiamond (ND) is a versatile and promising material for bio-applications. Despite many 

efforts, agglomeration of nanodiamond and the non-specific adsorption of proteins on the ND 

surface when exposed to bio-fluids remains a major obstacle for biomedical applications. An 

assortment of branched and linear molecules with superior ability to colloidally stabilize 

nanoparticles in salt and cell media environment, for up to 30 days, was attached to the ND’s 

surface.  

 

Figure 6-1: Schematic illustration of an exemplary molecule on nanodiamond (top) and its 

ability to colloidally stabilize the particle in FBS over three days , shown in dynamic light 

scattering experiments  (bottom).  

The building box system with azide as external groups offers a huge variety of binding with 

many molecules, such as drugs, dyes or targeting molecules, is possible. Clicking, for instance, 

zwitterions moieties to the chain protects ND surface from protein corona forming when the 

particles get in contact with biofluids containing proteins.  
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Thermogravimetric analysis results of the ND surface loading show a significant prevention of 

up to 98 % of the protein adsorption compared with NDs without zwitterionic headgroups and 

long colloidal stability when tetraethylene glycol (TEG) are attached to the surface.  

The versatility of the modular system to bind not only zwitterionic chains but also clickable 

functional molecules to fluorescent nanodiamonds (fNDs) demonstrates the potential of the 

system at the nanodiamond. Using defect structures, such as nitrogen-vacancy (NV) centers, 

diamond particles, due to their widely non-toxic behavior, can be used as fNDs for photostable 

labeling, bioimaging and nanoscale sensing in living cells and organisms. To functionalize the 

fND surface a novel milling technique with diazonium salts was established to perform grafting 

on poorly reactive HPHT fNDs yielding in high surface loading and high negative zeta 

potential. 

 

Figure 6-2:  Schematic illustration of the experiment procedure of each of the five fND dispersion 

3-1 ,  3-1+AB,  3-10 ,  3-1+AB+FBS  and 3-10+FBS respectively investigated regarding their 

targeting distribution with and without FBS in HeLa cells.  

Combining the benefits of TEG and zwitterion containing groups with antibody enabled 

nucleus targeting ability on fND confirms the enhanced colloidal stability in living cells 
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experiments for the first time. Furthermore, the results indicate an improved corona repulsion 

compared with fND without zwitterion containing headgroups. As a result, the circulation times 

were enlarged from 4 (fND without zwitterion chain but with antibody) to 17 (with antibody 

and zwitterion chains) hours. 

In non-biomedical applications, the modular system can be used as a probe for heavy metals by 

binding it to dyes. Detection of metals in different environments with high selectivity and 

specificity is one of the prerequisites of the fight against environmental pollution with these 

elements. Pyrenes are well suited and known for fluorescence sensing in different media.  

 

Figure 6-3.  A) Synthesis of the glycol chain (dashed rectangle) and of probe 4-3  using click 

chemistry and its mode of action when complexing a divalent M 2+ cation in acetonitrile , B) 

Fluorescence titration spectra of sensor 4-3  at 1.02  x  10 -6 mol L - 1 with the quencher ions 

Cu2 +(blue squares), Pb 2 + (green triangles) and Hg 2 + (red dots),  error bars are given for all data 

points and C) fluorescence responses of 4-3  (concentration: 1.02 x  10 - 6 mol L -1)  to a selection 

of monovalent and divalent metal ions (used in the form of perchlorate salts) at 10  eq excess.  

The applied sensing principle typically relies on the formation of intra- and intermolecular 

excimers, which is however limiting the sensitivity range due to masking of e.g. quenching 
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effects by the excimer emission. This study shows a highly selective, structurally rigid chemical 

sensor based on the monomer fluorescence of pyrene moieties bearing triazole groups.  

This probe can quantitatively detect Cu2+, Pb2+ and Hg2+ in organic solvents over a broad 

concentration range, even in the presence of ubiquitous ions such as Na+, K+, Ca2+ and Mg2+. 

The strongly emissive sensor’s fluorescence with a long lifetime of 165 ns is quenched by a 1:1 

complex formation upon addition of metal ions in acetonitrile. Upon addition of a tenfold excess 

of the metal ion to the sensor, agglomerates with a diameter of about 3 nm are formed. Due to 

complex interactions in the system, conventional linear correlations are not observed for all 

concentrations. Therefore, a critical comparison between the conventional Job plot 

interpretation, the method of Benesi-Hildebrand, and a non-linear fit is presented. The reported 

system enables the specific and robust sensing of medically and environmentally relevant ions 

in the health-relevant nM range and could be used e.g. for the monitoring of the respective ions 

in waste streams. 

Nonetheless, often these waste streams end up in sensitive aquacultures, where such sensor 

technology only works if the probe is water-soluble to monitor the spread and formation of 

environmental damage from heavy metals. Many chemosensors only work quantitatively in 

specific solvents and under highly pure conditions. In this thesis a method to stabilize water-

insoluble chemosensors on nanodiamonds in saline water while maintaining the sensor efficacy 

and specificityas as well as colloidal stability is presented. Additionally, the sensor capability 

is retained in organic solvents. This study provides insight into the absorptivity of pyrene 

derivatives to the nanodiamond surface and a way to reversibly desorb them. 
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Figure 6-4.  Schematic illustration of ND 5-3  interaction with metal ions (left) and fluorescence 

spectrum results of t itration of ND 5-3  (0.5 mg, sensor conc.: 1.4x10 -5 M) in MeCN with Cu 2 +  

in presence of sodium perchlorate and without  (right).  

Moreover, the system proves that in presence of 95 % oxygen atmosphere while the fluoresce 

measurement the results of the do not vary from the one in argon atmosphere. Furthermore, the 

presence of common ions in water do not disturb the colloidal stability of the NDs and also no 

influence the sensor functionality and thus is highly promising candidate for measurement 

without cumbersome preparation steps. 
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6.2 Zusammenfassung 

Nanodiamant (ND) ist ein vielseitiges und vielversprechendes Material für Bio-Anwendungen. 

Trotz vieler Bemühungen bleibt die Agglomeration von Nanodiamant und die unspezifische 

Adsorption von Proteinen an der ND-Oberfläche bei Kontakt mit Bioflüssigkeiten ein großes 

Hindernis für biomedizinische Anwendungen. Eine Auswahl verzweigter und linearer 

Moleküle mit überlegener Fähigkeit zur kolloidalen Stabilisierung von Nanopartikeln in Salz- 

und Zellmedienumgebung, für bis zu 30 Tage, wurde an die ND-Oberfläche angebracht. 

 

Abbildung 6-1 : Schematische Darstellung eines exemplarischen Moleküls auf Nanodiamant 

(oben) und seine Fähigkeit, das Partikel in FBS über drei Tage kolloidal zu stabilisieren, 

dargestellt in dynamischen Lichtstreuungsexperimenten (unten) .  

Das Baukastensystem mit Azid als Außengruppen bietet eine große Vielfalt an Bindungen mit 

vielen Molekülen, wie z. B. Medikamenten, Farbstoffen oder Targeting-Molekülen. Das 

Anhängen von z. B. Zwitterionen an die Kette schützt die ND-Oberfläche vor der Bildung einer 

Proteinkorona, wenn die Partikel mit proteinhaltigen Bioflüssigkeiten in Kontakt kommen.  

Die Ergebnisse der thermogravimetrischen Analyse der Beladung der ND-Oberfläche zeigen 

eine signifikante Verhinderung der Proteinadsorption von bis zu 98 % im Vergleich zu NDs 
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ohne zwitterionische Kopfgruppen und eine lange kolloidale Stabilität, wenn 

Tetraethylenglykol (TEG) an die Oberfläche gebunden wird. 

Die Vielseitigkeit des modularen Systems, um nicht nur zwitterionische Ketten, sondern auch 

klickbare funktionelle Moleküle an fluoreszierende Nanodiamanten (fNDs) zu binden, zeigt 

das Potenzial des Systems am Nanodiamanten. Unter Verwendung von Defektstrukturen, wie 

Stickstoff-Vakanz-Zentren (NV), können Diamantpartikel aufgrund ihres weitgehend 

ungiftigen Verhaltens als fluoreszierende Nanodiamanten (fNDs) für photostabile Markierung, 

Bioimaging und nanoskalige Sensorik in lebenden Zellen und Organismen verwendet werden. 

Um die fND-Oberfläche zu funktionalisieren, wurde eine neuartige Mahltechnik mit 

Diazoniumsalzen etabliert, um ein Pfropfen auf wenig reaktive HPHT-fNDs durchzuführen, 

was zu einer hohen Oberflächenbeladung und einem hohen negativen Zetapotenzial führt. 

 

Abbildung 6-2: Schematische Darstellung des Versuchsablaufs jeder der fünf fND -Dispersionen 

3-1 ,  3-1+AB,  3-10 ,  3-1+AB+FBS  und 3-10+FBS , die jeweils auf ihre Targeting -Verteilung mit 

und ohne FBS in HeLa-Zellen untersucht wurden.  
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Die Kombination der Vorteile von TEG und zwitterionhaltigen Gruppen mit der Fähigkeit zum 

Targeting von Antikörpern auf fND bestätigt zum ersten Mal die verbesserte kolloidale 

Stabilität in Experimenten mit lebenden Zellen. Darüber hinaus deuten die Ergebnisse auf eine 

verbesserte Corona-Abstoßung im Vergleich zu fND ohne zwitterionhaltige Kopfgruppen hin. 

Infolgedessen wurden die Zirkulationszeiten von 4 (fND ohne Zwitterionenkette, aber mit 

Antikörper) auf 17 (mit Antikörper und Zwitterionenketten) Stunden vergrößert. 

In nicht-biomedizinischen Anwendungen kann das modulare System als Sonde für 

Schwermetalle durch die Anbindung von Farbstoffen verwendet werden. Die Detektion von 

Metallen in verschiedenen Umgebungen mit hoher Selektivität und Spezifität ist eine der 

Voraussetzungen für den Kampf gegen die Umweltverschmutzung mit diesen Elementen. 

Pyrene sind gut geeignet und weit bekannt für die Fluoreszenzsensorik in verschiedenen 

Medien. Das angewandte Sensorprinzip beruht typischerweise auf der Bildung von intra- und 

intermolekularen Excimeren, was jedoch den Empfindlichkeitsbereich aufgrund der 

Maskierung von z.B. Quenching-Effekten durch die Excimer-Emission einschränkt. Diese 

Studie zeigt einen hochselektiven, strukturstabilen chemischen Sensor, der auf der monomeren 

Fluoreszenz von Pyrenanteilen mit Triazolgruppen basiert. 
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Abbildung 6-3 . A) Synthese der Glykolkette (gestricheltes Rechteck) und der Sonde 4-3  mittels 

Click-Chemie und deren Wirkungsweise bei der Komplexierung eines zweiwertigen M 2+-Kations 

in Acetonitril, B) Fluoreszenztitrationsspektren der Sonde 4-3  bei 1.02  x  10 -6 mol L - 1  mit den 

Quencher-Ionen Cu2 + (blaue Quadrate), Pb 2 + (grüne Dreiecke) und Hg2+ (rote Punkte),  

Fehlerbalken sind für alle Datenpunkte angegeben und C) Fluoreszenz spektren von 4-3  

(Konzentration: 1.02  x  10 -6 mol L -1) auf eine Auswahl ein- und zweiwertiger Metallionen 

(verwendet in Form von Perchlorat -Salzen) bei 10  eq Überschuss.  

Dieser Sensor kann Cu2+, Pb2+ und Hg2+ in organischen Lösungsmitteln über einen weiten 

Konzentrationsbereich quantitativ nachweisen, auch in Gegenwart von ubiquitären Ionen wie 

Na+, K+, Ca2+ und Mg2+. Die stark emittierende Fluoreszenz des Sensors mit einer langen 

Lebensdauer von 165 ns wird durch eine 1:1-Komplexbildung bei Zugabe von Metallionen in 

Acetonitril gelöscht. Bei Zugabe eines zehnfachen Überschusses des Metallions zum Sensor 

bilden sich Agglomerate mit einem Durchmesser von etwa 3 nm. Aufgrund der komplexen 

Wechselwirkungen im System werden konventionelle lineare Korrelationen nicht für alle 

Konzentrationen beobachtet. Daher wird ein kritischer Vergleich zwischen der konventionellen 

Job-Plot-Interpretation, der Methode von Benesi-Hildebrand und einem nicht-linearen Fit 

vorgestellt. Das vorgestellte System ermöglicht die spezifische und robuste Erfassung von 
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medizinisch und ökologisch relevanten Ionen im gesundheitsrelevanten nM-Bereich und 

könnte z. B. zur Überwachung der entsprechenden Ionen in Abfallströmen eingesetzt werden. 

Doch häufig landen diese Abfallströme in empfindlichen Aquakulturen, wo eine solche 

Sensortechnik nur funktioniert, wenn die Sonde wasserlöslich ist, um die Ausbreitung und 

Bildung von Umweltschäden durch Schwermetalle zu überwachen. Viele Chemosensoren 

arbeiten nur in bestimmten Lösungsmitteln und unter hochreinen Bedingungen quantitativ. In 

dieser Arbeit wird eine Methode zur Stabilisierung von wasserunlöslichen Chemosensoren auf 

Nanodiamanten in salzhaltigem Wasser unter Beibehaltung der Sensoreffektivität 

und -spezifität sowie der kolloidalen Stabilität vorgestellt. Zusätzlich wird die Sensorfähigkeit 

in organischen Lösungsmitteln beibehalten. Diese Studie gibt Einblick in die 

Absorptionsfähigkeit von Pyren-Derivaten an der Nanodiamant-Oberfläche und einen Weg, 

diese reversibel zu desorbieren. 

 

Abbildung 6-4 . Schematische Darstellung der Wechselwirkung von ND 5-3  mit Metallionen 

(links) und Fluoreszenzspektren der Titration von ND 5-3  (0.5 mg, Sensorkonz.: 1 .4x10 -5 M) in 

MeCN mit Cu2 + in Gegenwart von Natriumperchlorat und ohne (rechts).  

Außerdem beweist das System, dass in Anwesenheit von 95 % Sauerstoffatmosphäre bei der 

Fluoreszenzmessung die Ergebnisse nicht von denen in Argonatmosphäre abweichen. Darüber 

hinaus stört das Vorhandensein gängiger Ionen im Wasser die kolloidale Stabilität der NDs 

nicht und hat auch keinen Einfluss auf die Sensorfunktionalität und ist somit ein 

vielversprechender Kandidat für Messungen ohne aufwändige Präparationsschritte. 
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7.1 Chapter 2 - Supporting Information  

The following section is slightly modified and reproduced from V. Merz, J. Lenhart, Y. Vonhausen, 

M. E. Ortiz-Soto, J Seibel, A. Krueger, Zwitterion-Functionalized Detonation Nanodiamond with 

Superior Protein Repulsion and Colloidal Stability in Physiological Media, Small 2019, 15, 

1901551, with permission from Wiley-VCH. 

7.1.1 Synthesis of organic linker molecules 

7.1.1.1 Synthesis of long linkers 2-26 and 2-28 

 

Figure S2-1: Synthesis of long azide-ligands 2-26  and 2-28  for the preparation of ND 2-11  and ND 

2-10 .   
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9-Bromononan-1-ol (2-17)[1] 

 

To a stirred solution of nonane-1,9-diol (2-16, 12.8 g, 80.3 mmol, 1.00 eq) in 200 mL toluene HBr 

(48 % w/w in H2O, 18.2 mL, 160 mmol, 2.00 eq) was added. The reaction was stirred 1 d at 

110 °C. Afterwards the solvent was removed under reduced pressure. The crude product was 

purified by column chromatography (silica, cyclohexane/EtOAc, 4:1, v/v) to obtain a colorless 

solid. 

Rf (cyclohexane/EtOAc, 4/1): 0.23, Yield: 14.3 g (64 mmol, 80 %), 1H-NMR (400 MHz, CDCl3): 

δ = 3.64 (t, 3J9,8 = 6.6 Hz, 2H, H-9), 3.41 (t, 3J1,2 = 6.8 Hz, 2H, H-1),1.88-1.81 (m, 2H, H-2), 

1.63-1.26 (m, 12H, H-3 - H-8) ppm. 13C-NMR (100 MHz, CDCl3): δ = 63.2 (CH2, C-9), 34.2, 

32.9, 32.9, 29.5, 29.4, 28.8, 28.3, 25.8 ((CH2)8, C-1 – C-8) ppm. 

9-[(Triphenylmethyl)thio]-nonan-1-ol (2-18)[2] 

 

9-bromo-1-nonanol (2-17, 6.70 g, 30.0 mmol, 1.00 eq) and triphenylmethanethiol (9.67 g, 

35.0 mmol, 1.20 eq) were each dissolved in ethanol/toluene (70 mL, 1:1, v/v) and then both 

solutions were mixed. A concentrated solution of potassium hydroxide in deionized-water (1.90 g 

NaOH in 2.00 mL H2O, 47.5 mmol, 1.60 eq) was added and the reaction mixture was stirred for 

36 h at 50 °C. After the reaction was completed (TLC control), the reaction mixture was washed 

two times with saturated NaHCO3 solution, and the organic layer was dried with Na2SO4 and 

concentrated in vacuo. The crude product was purified by column chromatography (silica, 

cyclohexane/EtOAc, 5:1, v/v). After removing the solvent, the product was obtained as a slightly 

yellow oil.  
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Yield: 12.42 g (29.7 mmol, 99 %). Rf (cyclohexane/EtOAc, 5:1): 0.13. 1H-NMR (400 MHz, 

CDCl3): δ = 7.45-7.39 (m, 6H, H-3), 7.32-7.24 (m, 6H, H-2), 7.24-7.16 (m, 3H, H-1), 3.62 (t, 3J13,14 

= 6.6 Hz, 2H, H-14), 2.14 (t, 3J6,7 = 7.4 Hz, 2H, H-6), 1.61-1.49 (m, 2H, H-13), 1.47-1.06 (m, 12H, 

H-7 - H-12) ppm. 13C-NMR (100 MHz, CDCl3): δ = 145.1 (Cq, C-4), 129.9 (CH, C-3), 128.1 (CH, 

C-2), 126.8 (CH, C-1), 66.7 (Cq, C-5), 63.3 (CH2, C-14), 33.1 (CH2, C-13), 32.3 (CH2, C-6), 29.7, 

29.6, 29.4, 29.3, 28.9, 26.0 ((CH2)6, C-7 – C-12) ppm. HRMS (ESI,+): Found: 441.22129 [M]+; 

calc. for [M]+: 441.22226 FT-IR (ATR): 𝜈 = 3332 (br), 3054 (w), 3028 (w), 2924 (s), 2852 (m), 

1595 (m), 1489 (m), 1443 (m), 1184 (w), 1076 (w), 1057 (m), 1034 (m), 885 (w), 850 (w), 

742 (s), 696 (s), 619 (m) cm-1. UV/Vis (acetonitrile): 𝜆𝑚𝑎𝑥 (log ε) = 256 (5.40) 

(c = 1.20 ⋅ 10−4 mol L-1). 

 

Figure S2-2:  1H-NMR spectrum of 9-[(triphenylmethyl)thio]-nonan-1-ol (2-18).  
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Figure S2-3:  13C-NMR spectrum of 9-[(triphenylmethyl)thio]-nonan-1-ol (2-18).  
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Figure S2-4:  FT-IR ATR spectrum of 9-[(triphenylmethyl)thio]-nonan-1-ol (2-18).  



7.1 Chapter 2 - Supporting Information 

- 155 - 

 

9-[(Triphenylmethyl)thio]-nonyl methanesulfonate (2-19)[2] 

 

The nonanol 2-18 (12.0 g, 28.6 mmol, 1.00 eq) was dissolved in dry DCM (150 mL) and TEA 

(4.39 g, 6 mL, 43.4 mmol, 1,50 eq) was added. After cooling the mixture in an ice bath, 

methanesulfonyl choride (3.70 g, 2.50 mL, 32.3 mmol, 1.10 eq) was added dropwise. After 60 min 

at 0 °C the reaction mixture was warmed to room temperature and stirred overnight (16 h). Upon 

completion, the reaction mixture was concentrated in vacuo. The crude product mixture was 

dissolved in DCM (100 mL) and washed two times with 0.1 M HCl (100 mL), neutralized with 

saturated NaHCO3-solution and washed twice with deionized. The organic layer was dried with 

Na2SO4 and concentrated with vacuo. The crude product was purified by column chromatography 

(silica, cyclohexane/EtOAc, 4:1, v/v). After removing the solvent, the product was obtained as a 

slightly yellow oil.  

Yield: 13.94 g (28.05 mmol, 98 %). Rf (cyclohexane/EtOAc, 4:1): 0.37. 1H-NMR (400 MHz, 

CDCl3): δ = 7.44-7.38 (m, 6H, H-3), 7.33-7.24 (m, 6H, H-2), 7.24-7.16 (m, 3H, H-1), 4.21 (t, 3J14,13 

= 6.7 Hz, 2H, H-14), 2.99 (s, 3H, H-15) 2.13 (t, 3J6,7 = 7.3 Hz, 2H, H-6), 1.78-1.68 (m, 2H, H-13), 

1.47-1.06 (m, 12H, H-7 - H-12) ppm. 13C-NMR (100 MHz, CDCl3): δ = 145.2 (Cq, C-4), 129.7 

(CH, C-2), 127.9 (CH, C-3), 126.6 (CH, C-1), 70.3 (CH2, C-14) 66.5 (Cq, C-5), 37.5 (CH3, C-15), 

32.1 (CH2, C-6), 29.3, 29.2, 29.2, 29.0, 28.7, 27.1, 25.5 ((CH2)7, C-7-13) ppm. HRMS (ESI,+): 

found: 519.19847 [M]+; calc. for [M]+: 519.19981. FT-IR (ATR): 𝜈  = 3056 (w), 3029 (w), 

2925 (s), 2854 (m), 1595 (m), 1489 (m), 1442 (m), 1353 (vs), 1173 (vs), 1080 (w), 1034 (w), 

970 (m), 943 (br), 822 (w), 742 (m), 698 (m), 619 (w) cm-1. UV/Vis (acetonitrile): 𝜆𝑚𝑎𝑥(log ε) = 

256 (5.27) (c = 1.20 ⋅ 10−4 mol L-1) nm. 



7.1 Chapter 2 - Supporting Information 

- 156 - 

 

 

Figure S2-5:  1H-NMR spectrum of 9-[(triphenylmethyl)thio]-nonyl methanesulfonate (2-19).  
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Figure S2-6: 13C-NMR spectrum of 9-[(triphenylmethyl)thio]-nonyl methanesulfonate  (2-19).  

4000 3500 3000 2500 2000 1500 1000

30

40

50

60

70

80

90

100

110

In
te

n
s
it
y
 [

a
.u

.]

Wavenumber [cm-1]

 

Figure S2-7:  FT-IR ATR spectrum of 9-[(triphenylmethyl)thio]-nonyl methanesulfonate  (2-19)  
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1,1,1-Triphenyl-12,15,18,21-tetraoxa-2-nonyl-23-ol (2-20)[2] 

 

NaOH (1.31 g, 32.9 mmol) was dissolved in deionized water (2 mL) and mixed with tetraethylene 

glycol (TEG) (100 mL, 0.57 mol). The reaction mixture was stirred at 85 °C for 1.5 h. The mixture 

was subsequently added to 9-(tritylthio)nonyl methanesulfonate (2-19, 13.6 g, 27.4 mmol) and 

stirred for three days at 100 °C and one day at 110 °C. After four days the mixture was cooled 

down to room temperature and extracted ten times with EtOAc/cyclohexane (100 mL, 1:4, v/v). 

The organic layer was concentrated in vacuo and the crude product was purified by column 

chromatography (silica, cyclohexane/EtOAc, 4:1 -> 0:1 v/v). After removing the solvent, the 

product was obtained as a slightly yellow oil.  

Yield: 8.67 g (14.6 mmol, 52 %). Rf (EtOAc): 0.30. 1H-NMR (400 MHz, CDCl3): δ = 7.44-7.38 

(m, 6H, H-3), 7.34-7.24 (m, 6H, H-2), 7.24-7.17 (m, 3H, H-1), 3.75 (m, 16H, H-15 – H-22) 3.44 

(t, 3J14,13 = 6.8 Hz, 2H, H-14), 2.47 (br, 1H,H-23), 2.12 (t, 3J6,7 = 7.3 Hz, 4H, H-6), 1.64-1.47 (m, 

2H, H-13), 1.47-1.33 (m, 2H, H-7) 1.33-1.04 (m, 10H, H-8 – H-12) ppm. 13C-NMR (100 MHz, 

CDCl3): δ = 145.2 (Cq, C-4), 129.7 (CH, C-2), 127.9 (CH, C-3), 126.6 (CH, C-1), 72.7, 71.8, 7.8, 

70.7, 70.7, 70.5, 70.2 ((CH2)8, C-14-21), 66.5 (Cq, C-5), 61.9 (CH2, C-22), 32.1 (CH2, C-6), 29.7, 

29.5, 29.5, 29.3, 29.1, 28.7, 26.2 ((CH2)7, C-7-13) ppm. HRMS (ESI,+): found: 617.32679 [M]+; 

calc. for [M]+: 617.32712. FT-IR (ATR): 𝜈 = 3460 (br), 3056 (vw), 3024 (vw), 2924 (s), 2858 

(s), 1738 (s), 1597 (w), 1489 (w), 1444 (m), 1238 (s), 1105 (s), 1055 (s), 943 (w), 885 (w), 

847 (w), 744 (s), 700 (s), 619 (m) cm-1. UV/Vis (acetonitrile): 𝜆𝑚𝑎𝑥(log ε) = 256 (5.29), 262 (5.30) 

(c = 2.02 ⋅ 10−5 mol L-1) nm. 
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Figure S2-8:  1H-NMR spectrum of 1,1,1-triphenyl-12,15,18,21-tetraoxa-2-nonyl-23-ol (2-20)  
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Figure S2-9:  13C-NMR spectrum of 1,1,1-triphenyl-12,15,18,21-tetraoxa-2-nonyl-23-ol (2-20)  
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Figure S2-10:  FT-IR ATR spectrum of 1,1,1-triphenyl-12,15,18,21-tetraoxa-2-nonyl-23-ol (2-20)  



7.1 Chapter 2 - Supporting Information 

- 161 - 

 

1,1,1-Triphenyl-12,15,18,21-tetraoxa-2-nonyl-23-yl 4-methyl-benzenesulfonate (2-21) 

 

The glycol precursor 2-20 (19.9 g, 33.9 mmol, 1.00 eq) was dissolved in dry DCM (200 mL) 

and TEA (14.1 mL, 101 mmol, 3.00 eq) was added. After cooling the mixture in an ice bath, 

4-methylbenzenesulfonyl chloride (12.9 mL, 67.8 mmol, 2.00 eq) was added. The reaction 

mixture was warmed to room temperature and stirred for 4 h. Upon completion, the reaction 

mixture was washed three times with deionized water. The organic layer was dried with MgSO4 

and the solvent removed in vacuo. The crude product was purified by column chromatography 

(silica, cyclohexane/EtOAc, 3:1, v/v). After removing the solvent, the product was obtained as 

a slightly yellow oil.  

Yield: 22.4 g (29.9 mmol, 88 %). Rf (EtOAc/cyclohexane, 1:3): 0.18. 1H-NMR (400 MHz, 

CDCl3): δ = 7.81-7.78 (m, 2H, H-24), 7.42-7.39 (m, 6H, H-3), 7.35-7.32 (m, 2H, H-25), 7.30-

7.25 (m, 6H, H-2), 7.22-7.18 (m, 3H, H 1), 4.17-4.14 (m, 2H, H 22), 3.69-3.55 (m, 14H, H-15 

– H-21), 3.43 (t, 3J14,13 = 6.9 Hz, 2H, H-14), 2.44 (s, 3H, H-27), 2.13 (t, 3J6,7 = 7.4 Hz, 2H, H-6), 

1.60-1.51 (m, 2H, H-13), 1.41-1.34 (m, 2H, H-7), 1.29-1.13 (m, 10H, H-8 – H-12) ppm. 13C-

NMR (100 MHz, CDCl3): δ = 145.2 (Cq, C-4), 144.9 (Cq, C-23), 133.1 (Cq, C-26), 129.9 (CH, 

C-25), 129.7 (CH, C-2), 128.1 (CH, C-24), 127.9 (CH, C-3), 126.6 (CH, C-1), 71.6, 70.9, 70.7, 

70.7, 70.6, 70.2, 69.4, 68.8 ((CH2)9, C-14-22), 66.5 (Cq, C-5), 32.1 (CH2, C-6), 29.7, 29.5, 29.5, 

29.2, 29.1, 28.7, 26.2 ((CH2)8, C-6-13) 21.8 (CH3, C-26) ppm. HRMS (ESI,+): found: 771.3371 

[M]+; calc. for [M]+: 771.3365. FTIR (ATR): 𝜈 = 3054 (vw) 2934 (s), 2856 (s), 1738 (w), 

1594 (m), 1494 (m), 1438 (s), 1355 (vs), 1292 (w), 1244 (w), 1188 (s), 1178 (vs), 1102 (vs), 

1036 (m), 1019 (s), 921 (vs), 815 (s), 768 (s), 745 (vs), 698 (vs), 658 (vs), 618 (m) cm-1. 
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Figure S2-11:  1H-NMR spectrum of 1,1,1-triphenyl-12,15,18,21-tetraoxa-2-nonyl-23-yl 4-

methyl-benzenesulfonate  (2-21).  
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Figure S2-12:  13C-NMR spectrum of 1,1,1-triphenyl-12,15,18,21-tetraoxa-2-nonyl-23-yl 4-

methyl-benzenesulfonate  (2-21).  
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Figure S2-13:  FT-IR ATR spectrum of 1,1,1-triphenyl-12,15,18,21-tetraoxa-2-thiatricosan-23-

yl 4-methyl-benzenesulfonate (2-21)  
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2-(Hydroxymethyl)-2-((tosyloxy)methyl)propane-1,3-diyl bis(4-methylbenzene sulfonate) 

(2-23)[3] 

 

2,2-Bis(hydroxymethyl)propane-1,3-diol (10.0 g, 73.5 mmol, 1.00 eq) was dissolved in dry 

pyridine (70 mL) and cooled to 0 °C. 4-Methylbenzenesulfonyl chloride (42.0 g, 220 mmol, 

3.00 eq) was dissolved in dry pyridine (100 mL) and added dropwise to the starting material. 

The reaction mixture was warmed to room temperature and stirred overnight (12 h). The solvent 

was removed in vacuo. The solid residue was dissolved in 100 mL DCM and washed with HCl 

(2 N, 100 mL) und dried with MgSO4. The solvent was removed in vacuo and the crude product 

purified by column chromatography (silica, cyclohexane/EtOAc, 4:1 -> 1:1, v/v). After 

removing the solvent and recrystallization in DCM, the product was obtained as a colorless 

crystals. 

Yield: 19.9 g (33.0 mmol, 45 %) Rf (cyclohexane:EtOAc, 1:1): 0.42 1H-NMR (400 MHz, 

CDCl3): δ = 7.73.14-7.68 (m, 6H, H-5), 7.37-7.33 (m, 6H, H-6), 3.92 (s, 6H, H-3), 3.51 (d, 3J5,6 

= 6.1 Hz, 2H, H-1), 2.46 (s, 9H, H-9) ppm. 13C-NMR (100 MHz, CDCl3): δ = 145.7 (Cq, C-4), 

131.9 (Cq, C-7), 130.3 (CH, C-5), 128.1 (CH, C-6), 66.8 (CH2, C-3), 59.5 (CH2, C-1), 44.9 (Cq, 

C-2), 21.9 (CH3, C-8) ppm. FT-IR (ATR): 𝜈 = 3539 (m), 3059 (vw), 2900 (vw), 1597 (m), 

1466 (w), 1356 (s), 1308 (w), 1173 (vs), 1097 (m), 1063 (m), 1018 (m), 987 (s), 966 (vs), 928 

(w), 858 (s), 833 (vs), 808 (vs), 706 (w), 667 (vs), 627 (m) cm-1. 

3-Azido-2,2-bis(azidomethyl)propan-1-ol (2-24)[3] 

 

A solution of tosylate 2-23 (10.0 g, 16.7 mmol, 1.00 eq) and DMF (200 mL) was prepared. 

NaN3 (6.50 g, 100 mmol, 6.00 eq) was added and the mixture stirred at 110 °C overnight. Upon 
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completion (TLC), the reaction mixture was concentrated in vacuo and the residue suspended 

in water and extracted with EtOAc (6x, 100 mL). The organic layers were combined and 

washed with saturated Na2CO3 solution. The organic layer was then dried with MgSO4 and the 

solvent removed in vacuo. The product was obtained as a yellow oil which was used without 

further purification 

Yield: 3.46 g (16.4 mmol, 98 %). 1H-NMR (400 MHz, CDCl3): δ = 3.37 (s, 6H, H-1), 2,95 (s, 

2H, H-3) ppm. 13C-NMR (100 MHz, CDCl3): δ = 62.1 (CH2, C-3), 51.1 (CH2, C-1), 44.6 (Cq, 

C-2) ppm. FT-IR (ATR): 𝜈 = 3374 (br), 2935 (w), 2877 (w), 2530 (vw), 2091 (vs), 1660 (s), 

1448 (m), 1360 (w), 1286 (s), 1101 (w), 1047 (s), 889 (m), 660 (m) cm-1. 

27-Azido-26,26-bis(azidomethyl)-1,1,1-triphenyl-12,15,18,21,24-pentaoxa-2-nonyl (2-

25)[3] 

 

Sodium hydride (60 % dispersion in mineral oil, 0.05 g, 2.00 mmol, 2.00 eq) and 15-crown-5 

(1 mg) was added to a solution of 3-azido-2,2-bis(azidomethyl)propan-1-ol (2-24, 0.32 g, 

1.50 mmol, 1.50 eq) in dry DMF (10 mL). The reaction mixture was stirred at room temperature 

for 5 min. The tosylate 2-21 (0.75 g, 1.00 mmol, 1.00 eq) was dissolved in dry DMF (10 mL) 

and added to the reaction mixture which was stirred at room temperature overnight (17 h). Upon 

completion (TLC), the reaction was quenched by adding methanol dropwise. The solvent was 

removed in vacuo. After dissolving the brownish solid in deionized water, the mixture was 

extracted with EtOAc (2x) and DCM (2x). The organic layers were combined and washed with 

concentrated NaCl-solution, dried over MgSO4 and the solvent removed in vacuo. The crude 

product was purified by column chromatography (silica, cyclohexane/EtOAc, 3:2, v/v). After 

removing the solvent, the product was obtained as a slightly yellow oil.  
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Yield: 0.62 g (0.51 mmol, 51 %). Rf (cyclohexane:EtOAc, 3:2): 0.43. 1H-NMR (400 MHz, 

CDCl3): δ = 7.42-7.38 (m, 6H, H-3), 7.30-7.25 (m, 6H, H-2), 7.22-7.17 (m, 3H, H-1), 3.66-3.55 

(m, 16H, H-15 – H-22), 3.43 (t, 3J14,13 = 6.8 Hz, 2H, H-14), 3.35-3.32 (m, 8H, H-23), 2.12 (t, 

3J6,7 = 7.5 Hz, 2H, H-6), 1.58-1.51 (m, 2H, H-13), 1.41-1.32 (m, 2H, H-7) 1.32-1.08 (m, 10H, 

H-8 – H-12) ppm. 13C-NMR (100 MHz, CDCl3): δ = 145.2 (Cq, C-4), 129.7 (CH, C-2), 127.9 

(CH, C-3), 126.6 (CH, C-1), 71.7, 70.9, 70.8, 70.7, 70.7 70.7 70.7, 70.5, 70.2, 69.6 ((CH2)10, 

C-14-23), 66.5 (Cq, C-5), 51.6 ((CH2)3, C-25), 44.8 (Cq, C-24), 32.1 (CH2, C-6), 29.7, 29.5, 

29.5, 29.3, 29.1, 28.7, 26.2 ((CH2)7, C-7-13) ppm. HRMS (ESI,+): found: 810.4092 [M]+; calc. 

for [M]+: 810.4101. FT-IR (ATR): 𝜈 = 3057 (w), 3024 (vw), 2925 (s), 2856 (s), 2096 (vs), 

1595 (w), 1487 (m), 1444 (s), 1352 (m), 1292 (s), 1252 (s), 1105 (vs), 1036 (m), 943 (m), 881 

(m), 744 (s), 700 (s), 675 (m), 621 (m) cm-1.  

 

Figure S2-14:  1H-NMR spectrum of 27-azido-26,26-bis(azidomethyl)-1,1,1-triphenyl-

12,15,18,21,24-pentaoxa-2-nonyl (2-25).  
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Figure S2-15:  1 3C-NMR spectrum of 27-azido-26,26-bis(azidomethyl)-1,1,1-triphenyl-

12,15,18,21,24-pentaoxa-2-nonyl (2-25).  
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Figure S2-16:  FT-IR ATR spectrum of 27-azido-26,26-bis(azidomethyl)-1,1,1-triphenyl-

12,15,18,21,24-pentaoxa-2-nonyl (2-25).   
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1-Azido-2,2-bis(azidomethyl)-4,7,10,13,16-pentaoxapentacosane-25-thiol (26)[4] 

The triazide 2-25 (100 mg, 130 µmol, 1.00 eq) was dissolved in dry DCM (1 mL). TFA 

(0.20 mL, 2.54 mmol, 20.00 eq), TFAA (0.05 mL, 0.38 mmol, 3.00 eq) and TIPS (0.08 mL, 

0.38 mmol, 3.00 eq) were added to the solution. The mixture was stirred at room temperature 

overnight (13 h). After the reaction was finished (TLC), the solvent was removed in vacuo. The 

crude product was purified by column chromatography (silica, cyclohexane/EtOAc, 2:1, v/v + 

5% Et3N). After removing the solvent, the product was obtained as a slightly yellow oil. 

Yield: 54.0 mg (0.10 mmol, 78 %). Rf (cyclohexane:EtOAc, 2:1): 0.55. 1H-NMR (400 MHz, 

CDCl3): δ = 3.59-3.50 (m, 16H, H-11 – H 18), 3.38 (t, 3J10,9 = 6.8 Hz, 2H, H 10), 3.28 (s, 6H, 

H 21), 3.27 (s, 2H, H 19), 2.98 (t, 3J2,3 = 7.4 Hz, 2H, H 2), 1.62-1.55 (m, 2H, H 9), 1.53-1.47 

(m, 2H, H 3) 1.36-1.17 (m, 10H, H 4 – H 8) ppm. 13C-NMR (100 MHz, CDCl3): 71.6, 70.9, 

70.8, 70.7, 70.7 70.7 70.7, 70.5, 70.2, 69.6 ((CH2)10, C 10/15/16/17/18/19/20/21/22/19), 51.6 

((CH2)3, C 21), 44.9 (Cq, C 20), 29.7, 29.5, 29.4, 29.4, 29.0, 28.8, 28.7, 26.2 ((CH2)8, C 

2/3/4/5/6/7/8/9) ppm. HRMS (ESI,+): found: 568.2990 [M]+; calc. for [M]+: 568.3006. FT-

IR (ATR): 𝜈 ̃ = 2927 (s), 2860 (s), 2360 (w), 2098 (vs), 1701 (m), 1450 (s), 1352 (m), 1282 (s), 

1203 (s), 1155 (m), 1107 (vs), 952 (m), 881 (m), 742 (m), 650 (m) cm-1.  
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Figure S2-17:  1H-NMR spectrum of 1-azido-2,2-bis(azidomethyl)-4,7,10,13,16-pentaoxa-

pentacosane-25-thiol (2-26).  
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Figure S2-18: 13C-NMR spectrum of 1-azido-2,2-bis(azidomethyl)-4,7,10,13,16-pentaoxa-

pentacosane-25-thiol (2-26).  
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Figure S2-19:  FT-IR ATR spectrum of 1-azido-2,2-bis(azidomethyl)-4,7,10,13,16-penta-

oxapentacosane-25-thiol (2-26).  
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 23-Azido-1,1,1-triphenyl-12,15,18,21-tetraoxa-2-thiatricosane (2-27) 

 

The tosylate 2-21 (1.00 g, 1.34 mmol, 1.00 eq) was dissolved in 8 mL DMF and sodium azide 

(0.43 g, 6.67 mmol, 5.00 eq) was added. The reaction mixture was stirred for 17 h at 70 °C. 

After the reaction was finished, the solvent was removed in vacuo and the residue was dissolved 

in DCM and deionized water (50 mL, 1:1). After extracting the mixture with DCM, the organic 

layers were combined and dried with MgSO4. The solvent was removed in vacuo. The crude 

product was obtained as a colorless oil and was used without further purification. 

Yield: 0.82 g (1.32 mmol, 99 %). Rf (CyH/EtOAc, 3:2): 0.43. 1H-NMR (400 MHz, CDCl3): δ 

= 7.42-7.39 (m, 6H, H-3), 7.29-7.26 (m, 6H, H-2), 7.22-7.18 (m, 3H, H-1), 3.68-3.63 (m, 12H, 

H-15 – H-20), 3.58-3.56 (m, 2H, H-21), 3.43 (t, 3J14,13 = 6.9 Hz, 2H, H-14), 3.38 (t, 3J22,21 = 

5.3 Hz, 2H, H-22), 2.12 (t, 3J6,7 = 7.3 Hz, 2H, H-6), 1.58-1.51 (m, 2H, H-13), 1.41-1.34 (m, 2H, 

H-7) 1.29-1.13 (m, 10H, H-8 – H-12) ppm. 13C-NMR (100 MHz, CDCl3): δ = 145.2 (Cq, C-4), 

129.7 (CH, C-2), 127.9 (CH, C-3), 126.6 (CH, C-1), 71.7, 70.8, 70.8, 70.8, 70.8, 70.5, 70.2, 

70.2 ((CH2)8, C-14-21), 66.5 (Cq, C-5), 50.8 (CH2, C-22), 32.2 (CH2, C-6), 29.8, 29.5, 29.5, 

29.3, 29.1, 28.7, 26.2 ((CH2), C-7-13) ppm. HRMS (ESI,+): found: 642.3323 [M]+; calc. for 

[M]+: 642.3341. FT-IR (ATR): 𝜈 = 3057 (w), 3019 (vw), 2924 (s), 2856 (s), 2100 (vs), 1678 

(w), 1595 (w), 1489 (m), 1443 (s), 1348 (m), 1286 (s), 1111 (vs), 1034 (m), 937 (m), 850 (m), 

744 (s), 700 (s), 677 (m), 619 (m) cm-1.  
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Figure S2-20:  1H-NMR spectrum of 23-azido-1,1,1-triphenyl-12,15,18,21-tetraoxa-2-

thiatricosane (2-27).  
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Figure S2-21:  13C-NMR spectrum of 23-Azido-1,1,1-triphenyl-12,15,18,21-tetraoxa-2-

thiatricosane (2-27).  
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Figure S2-22:  FT-IR ATR spectrum of 23-Azido-1,1,1-triphenyl-12,15,18,21-tetraoxa-2-

thiatricosane (2-27).   
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1-Azido-3,6,9,12-tetraoxahenicosane-21-thiol (2-28) 

 

The azide 2-27 (1.65 g, 2.66 mmol, 1.0 eq) was dissolved in dry DCM (16 mL). TFA (4.10 mL, 

53 mmol, 20.0 eq), TFAA (1.13 mL, 7.98 mmol, 3.0 eq) and TIPS (1.64 mL, 7.98 mmol, 

3.0 eq) were added to the solution. The mixture was stirred at room temperature for 2 h under 

nitrogen atmosphere. After the reaction was finished (TLC), the solvent was removed in vacuo. 

The crude product was purified by column chromatography (silica, cyclohexane/EtOAc, 2:1, 

v/v). After removing the solvent, the product was obtained as a slightly yellow oil. 

Yield: 1 g (2.64 mmol, 99 %). Rf (cyclohexane:EtOAc, 2:1): 0.38. 1H-NMR (400 MHz, 

CDCl3): δ = 3.73-3.60 (m, 12H, H-11 – H-16), 3.62-3.54 (m, 2H, H-17), 3.44 (t, 3J10,9 = 6.9 Hz, 

2H, H-10), 3.38 (t, 3J18,17 = 5.3 Hz, 2H, H-18), 3.03 (t, 3J6,7 = 7.4 Hz, 2H, H-2), 1.71-1.60 (m, 

2H, H-3), 1.60-1.51 (m, 2H, H-9) 1.41-1.22 (m, 10H, H-4 – H-8) ppm. 13C-NMR (100 MHz, 

CDCl3): δ = 71.6, 70.8, 70.8, 70.8, 70.8, 70.4, 70.2, 70.2 ((CH2)8, C-10-17), 50.8 (CH2, C-18), 

29.7, 29.5, 29.4, 29.4, 29.0, 28.8, 28.7, 26.2 ((CH2)8, C-2-9) ppm. HRMS (ESI,+): found: 

400.2230 [M]+; calc. for [M]+: 400.2246. FT-IR (ATR): 𝜈 = 2927 (s), 2862 (s), 298 (vs), 1700 

(s), 1454 (m), 1353 (m), 1279 (s), 1243 (m), 1203 (vs), 115 (vs), 1116 (vs), 1046 (m), 998 (w), 

949 (vs), 875 (m), 848 (m), 748 (s), 721 (w) cm-1.  
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Figure S2-23:  1H-NMR spectrum of 1-azido-3,6,9,12-tetraoxahenicosane-21-thiol (2-28).  
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Figure S2-24:  1 3C-NMR spectrum of 1-azido-3,6,9,12-tetraoxahenicosane-21-thiol (2-28).  
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Figure S2-25:  FT-IR ATR spectrum of 1-azido-3,6,9,12-tetraoxahenicosane-21-thiol (2-28).  
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3-(Dimethyl(prop-2-yn-1-yl)ammonio)propane-1-sulfonate (2-15)[5] 

 

1,2-Oxathiolane-2,2-dioxide (3.23 g, 2.30 mL, 26.5 mmol, 2.20 eq) was added to a solution of 

N,N-dimethylprop-2-yn-1-amine (1.00 g, 1.30 mL, 12.0 mmol, 1.00 eq) in toluene (50 mL). 

The reaction mixture was stirred overnight (16 h) at room temperature. The precipitated 

colorless solid was separated by centrifugation (5k RPM, 2 min) and washed with toluene and 

pentane. The colorless powder was dried in vacuo at room temperature. 

Yield: 2.14 g (10.4 mmol, 87 %). 1H-NMR (400 MHz, D2O): δ = δ4.27 (d, 4J3,1 = 2.5 Hz, 2H, 

H-3), 3.59 (m, 2H, H-5), 3.25 (t, 4J1,3 = 2.5 Hz, 1H, H-1), 3.19 (s, 6H, H-4), 2.98 (t, 3J7,6 = 7.2 

Hz 2H), 2.29-2.17 (m, 2H, H-6) ppm. 13C-NMR (100 MHz, D2O): δ = 81.6, 70.6, 62.3, 54.3, 

50.3, 47.1, 18.2 ppm. IR (ATR): 𝜈 = 3187 (s), 3028 (vw), 2955 (s), 2120 (m), 1700 (br), 1491 

(s), 1469 (m), 1413 (m), 1383 (w), 1341 (w), 1315 (w), 1229 (s), 1191 (vs), 1161 (vs), 1028 

(vs), 969 (s), 913 (vs), 818 (s), 779 (s), 754 (s), 720 (vs). 
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7.1.1.2 Synthesis of short linkers 2-13, 2-34 and 2-37 

 

Figure S2-26: Synthesis of short TEG-ligands 2-13, 2-34 and 2-37 for the preparation of 

ND 2-6, 2-10  and 2-12. 
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2-(2-(2-(2-Hydroxyethoxy)ethoxy)ethoxy)ethyl 4-methylbenzenesulfonate (2-32)[3] 

TEG (20.0 mL, 22.4 g, 115 mmol, 1.00 eq), TEA (24.0 mL, 17.5 g, 173 mmol, 1.50 eq) and 

4-DMAP (2.82 g, 23.1 mmol, 0.20 eq) were dissolved in THF (100 mL) and cooled to 0 °C 

with an ice bath. TsCl (24.2 g, 127 mmol, 1.10 mmol) in THF (50 mL) was added dropwise. 

The reaction mixture was stirred at room temperature for 1 d. The solvent was removed in vacuo 

and the residue dispersed in HCl (2 N, 100 mL). The aqueous layer was extracted with DCM 

(4x, 100 mL) and the organic layers were combined, dried with MgSO4 and filtered. The solvent 

was removed in vacuo and the crude product purified by column chromatography (silica, 

cyclohexane/EtOAc, 1:1 -> 1:10 -> 0:1, v/v). After removing the solvent, the product was 

obtained as a colorless oil.  

Yield: 14.5 g (41.6 mmol, 36 %). Rf (cyclohexane:EtOAc, 1:1): 0.2. 1H-NMR (400 MHz, 

CDCl3): δ = 7.80 (m, 2H, H-4), 7.34 (m, 2H, H-3), 4.16 (t, 3J6,7 = 8 Hz, 2H, H-6) 3.72-3.60 (m, 

16H, H-7-13), 2.45 (s, 3H, H-1) ppm. 13C-NMR (100 MHz, CDCl3): δ = 144.9 (Cq, C-5), 132.9 

(Cq, C-2), 129.9 (CH, C-4), 128.0 (CH, C-3), 72.5, 70.7, 70.6, 70.3, 69.3, 68.7 (CH2, 

C-7/8/9/10/11/12), 61.7 (CH2, C-13), 21.7 (CH3, C-1) ppm. IR (ATR): 𝜈 = 3080 (vw), 3054 

(w), 3028 (vw), 2926 (s), 2853 (s), 1739 (w), 1602 (m), 1482 (m), 1448 (s), 1358 (vs), 1289 

(m), 1238 (m), 1174 (vs), 1096 (vs), 1032 (s), 1013 (s), 921 (vs), 810 (s), 772 (s), 740 (vs), 698 

(vs), 660 (vs) cm-1. 
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2-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)ethan-1-ol (33)[3] 

 

The tosylate 2-32 (7.00 g, 20.1 mmol, 1.00 eq) was dissolved in EtOH (150 mL) and NaN3 

(10.5 g, 161 mmol, 8.00 eq) was added. The reaction mixture was stirred at 80 °C (1 d). Upon 

completion, the reaction mixture was diluted with saturated NaCl solution (100 mL) and the 

EtOH was removed in vacuo. The remaining aqueous solution was extracted twice with CHCl3 

(200 mL). The combined organic layers were washed with saturated NaCl solution. The organic 

layer was dried with Na2SO4. After removing the solvent, the product was obtained as a slightly 

yellow oil that was used without further purification.  

Yield: 4.40 g (20.1 mmol, 100 %). 1H-NMR (400 MHz, CDCl3): δ = 3.76 (m, 12H, H-2-7), 

3.38 (m, 2H, H-1), 3.28 (m, 2H, H-8) 2.99 (m, 1H, H-9) ppm. 13C-NMR (100 MHz, CDCl3): 

δ = 72.4, 70.5, 70.5, 70.4, 70.2, 69.9 (CH2, C-2-7), 61.4 (CH2, C-8), 50.5 (CH2, C-1) ppm. IR 

(ATR): 𝜈 = 3431 (br), 2865 (s), 2099 (vs), 1744 (vw), 1662 (s), 1456 (m), 1388 (m), 1345 (s), 

1281 (s), 1259 (s), 1096 (vs), 1062 (vs), 998 (m), 930 (s), 882 (s), 852 (s), 827 (s) cm-1. 

2-(2-(2-(2-Aminoethoxy)ethoxy)ethoxy)ethan-1-ol (34)[3] 

 

The azide 2-33 (2.46 g, 7.49 mmol, 1.0 eq) was dissolved in dry MeOH (10 mL) and 10 %-Pd/C 

(0.55 g, 0.20 eq) was added. The reaction mixture was stirred under H2-atmosphere overnight 

(16 h). Upon completion, the reaction mixture was filtered and the solvent removed in vacuo. 

The product was obtained as a colorless oil and used without further purification.  

Yield: 1.45 g (7.49 mmol, 100 %). 1H-NMR (400 MHz, CDCl3): δ = 3.76-3.64 (m, 12H, 

H-2-7), 3.60-3.50 (m, 2H, H-1), 3.84 (m, 2H, H-8), 2.28 (br. 2H, H-10) ppm. 13C-NMR (100 

MHz, CDCl3): δ = 73.4, 73.2, 70.8, 70.7, 70.4, 70.2 (CH2, C-2-7), 61.7 (CH2, C-8), 41.6 (CH2, 

C-1) ppm. IR (ATR): 𝜈 = 3450 (br), 2870 (s), 1739 (w), 1662 (s), 1593 (m), 1537 (w), 1456 

(s), 1349 (s), 1293 (m), 1251 (m), 1093 (vs), 1062 (vs), 930 (s), 891 (s), 827 (m) cm-1. 
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Figure S2-27:  1H-NMR spectrum of 2-(2-(2-(2-aminoethoxy)ethoxy)ethoxy)ethan-1-ol (2-34).  

 

Figure S2-28:  1 3C-NMR spectrum of 2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethan-1-ol (2-34).  
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Figure S2-29: FT-IR ATR spectrum of 2-(2-(2-(2-aminoethoxy)ethoxy)ethoxy)ethan-1-ol (2-

34).  

2-(2-(2-(2-Hydroxyethoxy)ethoxy)ethoxy)ethyl 4-methylbenzenesulfonate (2-35)[4] 

 

The alcohol 2-33 (4.40 g 20.1 mmol, 1.00 eq) was dissolved in dry DCM (200 mL) and Et3N 

(22.3 mL, 161 mmol, 8.00 eq) was added. The reaction mixture was cooled with an ice bath to 

0 °C. TsCl (30.6 g, 160 mmol, 8.00 eq) was added in portions. The mixture was stirred for 6 d 

at room temperature. The solution was then concentrated in vacuo and the residue dispersed in 

HCl (2 N, 100 mL). The aqueous suspension was then extracted with DCM (4x 100 mL) and 

the combined organic layers were dried with MgSO4. The solvent was removed in vacuo and 
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the crude product purified by column chromatography (silica, cyclohexane/EtOAc, 1:4 -> 0:1, 

v/v). After removing the solvent, the product was obtained as a yellowish oil.  

Yield: 5.30 g, (14.2 mmol, 71%). 1H-NMR (400 MHz, CDCl3): δ = 7.79 (m, 2H, H-10), 7.34 

(m, 2H, H-11), 4.14 (m, 2H, H-8) 3.72-3.69-3.54 (m, 12H, H-2-7), 3.37 (m, 3H, H-1), 2.37 (s, 

3H, H-13) ppm. 13C-NMR (100 MHz, CDCl3): δ = 144.8 (Cq, C-9), 132.8 (Cq, C-12), 129.8 

(CH, C-10), 127.9 (CH, C-11), 70.6, 70.6, 70.5, 70.5, 70.0, 69.3, 68.6 (CH2, C-2/3/4/5/6/7/8), 

50.6 (CH2, C-1), 21.6 (CH3, C-13) ppm. IR (ATR): 𝜈 = 2865 (s), 2095 (vs), 1752 (w), 1602 

(m), 1452 (s), 1354 (vs), 1293 (s), 1255 (s), 1172 (vs), 1093 (vs), 1013 (s), 917 (s), 813 (vs), 

771 (vs), 660 (vs) cm-1. 

2,2-Dimethyl-4-oxo-3,8,11,14-tetraoxa-5-azahexadecan-16-yl 4-methyl-benzene-sulfonate 

(2-36)[4] 

The azide 2-35 (4.55 g, 12.2 mmol, 1.00 eq) was dissolved in dry MeOH (10 mL) and 

10 %-Pd/C (0.90 g, 0.20 eq) was added. The black dispersion was cooled to 0 °C and Boc2O 

(7.19 g, 32.9 mmol, 2.7 eq.) was added. The reaction mixture was stirred under H2-atmosphere 

overnight (16 h). Upon completion, the reaction mixture was filtered and the solvent removed 

in vacuo. The crude product was purified by column chromatography (silica, 

cyclohexane/EtOAc, 2:1 -> 1:1, v/v). After removing the solvent, the product was obtained as 

a slightly yellow oil.  

Yield: 3.49 g, (7.79 mmol, 63 %). 1H-NMR (400 MHz, CDCl3): δ = 7.79-7.74 (m, 2H, H-13), 

7.35-7.33 (m, 2H, H-14), 5.00 (br, 1H, H-17), 4.17-4.09 (m, 2H, H-11) 3.70-3.64 (m, 2H, H-10), 

3.64-3.53 (m, 8H, H-6-9), 3.53-3.46 (m, 2H, H-5), 3.32-3.19 (m, 2H, H-4), 2.42 (s, 3H, H-16), 

1.40 (s, 9H, H-1) ppm. 13C-NMR (100 MHz, CDCl3): δ = 156.1 (Cq, C-3) 144.9 (Cq, C-12), 

133.0 (Cq, C-15), 129.9 (CH, C-13), 120.0 (CH, C-14), 79.2 (Cq, C-2), 70.8, 70.6, 70.6, 70.2, 

70.2, 69.3, 68.7 (CH2, C-5/6/7/8/9/10/11), 40.4 (CH2, C-4), 28.5 (CH3, C-1), 21.7 (CH3, C-16) 

ppm. IR (ATR): 𝜈 = 3345 (br), 2972 (m), 2926 (m), 2865 (s), 1700 (s), 1598 (w), 1520 (s) 1452 
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(s), 1392 (s), 1366 (vs), 1281 (s), 1242 (s), 1178 (vs), 1096 (vs), 1011 (vs), 913 (vs), 865 (w), 

813 (s), 767 (s), 660 (vs) cm-1 

2-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)ethan-1-amine (2-37)[3,6] 

 

The tosylate 2-36 (2.00 g, 4.46 mmol, 1.00 eq) was dissolved in dry DMF (12 mL) and NaN3 

(1.45 g, 22.3 mmol, 5.00 eq) was added. The reaction mixture was stirred at 70 °C overnight 

(16 h). Upon completion, the solvent was removed in vacuo. The oily mixture was dissolved in 

water (50 mL) and extracted three times with DCM (50 mL). The combined organic layers were 

dried with MgSO4. After removing the solvent, the product was obtained as a slightly yellow 

oil. The crude product was filtered through a silica column with cyclohexane/EtOAc 2:1 and 

the product was collected in the filtrate and concentrated in vacuo. After dissolving the 

intermediate (0.87 g, 2.73 mmol. 1.00 eq) in CHCl3 (67 mL) and adding TFA (33.7 mL, 

437 mmol, 160 eq), the reaction mixture was stirred for 2 h at room temperature. After 2 h, 

TFA and CHCl3 were removed in vacuo and dissolved again in CHCl3. The organic layer was 

washed with sat. NaHCO3 and NaCl solution and dried with MgSO4. The solvent was removed 

in vacuo and the product was obtained as slightly yellowish oil and used without further 

purification. 

Yield: 0,39 g (1,80 mmol, 66 %). 1H-NMR (400 MHz, CDCl3): δ = 3.72-3.57 (m, 10H, H-2-6), 

3.51 (t, 2H, H-7), 3.39 (t, 2H, H-1), 2.86 (t, 1H, H-8), 1.58 (br. 2H, H-9) ppm. 13C-NMR (100 

MHz, CDCl3): δ = 73.3 (CH2, C-7), 70.8, 70.8, 70.7, 70.4, 70.2 (CH2, C-2/3/4/5/6), 50.8 (CH2, 

C-1), 41.8 (CH2, C-8) ppm. IR (ATR): 𝜈 = 3367 (br), 2865 (s), 2097 (s), 1731 (w), 1662 (s), 

1561 (m), 1458 (s), 1345 (s), 1290 (s), 1251 (s), 1205 (w), 1101 (vs), 1047 (s), 989 (w), 938 

(s), 878 (w), 848 (m), 823 (s) cm-1. 
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Figure S2-30:  1H-NMR spectrum of 2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethan-1-amine (2-

37). 

 

 

Figure S2-31:  13C-NMR spectrum of 2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethan-1-amine (2-

37). 
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Figure S2-32:  FT-IR ATR spectrum of 2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethan-1-amine (2-

37).  

tert-Butyl (15-azido-14,14-bis(azidomethyl)-3,6,9,12-tetraoxapentadecyl)-carbamate (2-

38)[4] 

 

The azide 2-24 (500 mg, 2.37 mmol, 1.00 eq) was dissolved in dry DMF (2 mL) and NaH (60 

% in mineral oil, 189 mg, 4.74 mmol, 2.00 eq) and 15-crown-5 (5.00 µL, 24.0 µmol, 0.01 eq) 

was added. The suspension was stirred for five minutes at room temperature followed by the 

addition of a solution of tosylate 2-36 (1.91 g, 4.26 mmol, 1.80 eq) in dry DMF (3 mL). The 

mixture was stirred for 4.5 hours at room temperature. The reaction was quenched by adding 



7.1 Chapter 2 - Supporting Information 

- 187 - 

 

MeOH (5 mL). After removing the solvent in vacuo, the residue was dissolved in deionized 

water (5 mL) and extracted with EtOAc (2x 4 mL) and DCM (2x 4 mL). The combined organic 

layers were washed with saturated NaCl solution (15 mL) and dried with MgSO4. The solvent 

was removed in vacuo and the crude product purified by column chromatography (silica, 

cyclohexane/EtOAc, 4:1 -> 2:1, v/v). After removing the solvent, the product was obtained as 

a slightly yellow oil. 

Yield: 177 mg, (0.36 mmol, 15 %). 1H-NMR (400 MHz, CDCl3): δ = 5.02 (br, 1H, H-15), 

3.68-3.57 (m, 12H, H-6-11), 3.57-3.47 (m, 2H, H-5), 3.38-3.23 (m, 10H, H-4+12+14) 1.42 (s, 

9H, H-1) ppm. 13C-NMR (100 MHz, CDCl3): δ = 156.0 (Cq, C-3), 79.2 (Cq, C-2), 70.9, 70.7, 

70.7, 70.6, 70.4, 70.3, 70.3, 69.6 (CH2, C-5/6/7/8/9/10/11/12), 51.6 (CH2, C-14) 44.8 (Cq, 

C-13), 40.4 (CH2, C-4), 28.5 (CH3, C-1), ppm. IR (ATR): 𝜈 = 3358 (br), 2977 (m), 2930 (m), 

2874 (s), 2095 (vs), 1705 (vs), 1503 (s), 1452 (s), 1388 (w), 1358 (s), 1281 (vs), 1242 (vs), 

1110 (vs), 1041 (m), 1003 (w), 938 (m), 895 (w), 874 (m), 779 (w), 728 (w), 642 (m), 608 (m) 

cm-1. 
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Figure S2-33:  FT-IR ATR of tert-butyl (15-azido-14,14-bis(azidomethyl)-3,6,9,12-

tetraoxapentadecyl)-carbamate (2-38).  
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15-Azido-14,14-bis(azidomethyl)-3,6,9,12-tetraoxapentadecan-1-amine (2-13)[4] 

The protected amine 2-38 (177 mg, 0.36 mmol, 1.00 eq) was dissolved in CHCl3 (3 mL) and 

TFA (4.48 mL, 58.2 mmol, 160 eq) was added. The reaction mixture was stirred for 4 h at room 

temperature and the solvent was removed in vacuo. The residue was dissolved in CHCl3 (5 mL) 

and washed with saturated NaHCO3 and NaCl solution. The combined organic layers were 

dried with MgSO4, and the solvent removed in vacuo. The crude product was obtained as 

slightly yellow oil and used without further purification. 

Yield: 90 mg, (0.24 mmol, 67 %). 1H-NMR (400 MHz, CDCl3): δ = 3.68-3.57 (m, 14H, H-2-

9), 3.35-3.31 (m, 8H, H-10+12), 3.05-2.96 (m, 2H, H-2) ppm. 13C-NMR (100 MHz, CDCl3): 

δ = 71.0, 70.7, 70.6, 70.6, 70.5, 70.3, 70.3, 69.7 (CH2, C-3/4/5/6/7/8/9/10), 51.6 (CH2, C-12), 

44.8 (Cq, C-11), 41.0 (CH2, C-2) ppm. IR (ATR): 𝜈 = 3371 (br), 2865 (s), 2099 (vs), 1675 (vs), 

1444 (vs), 1383 (m), 1352 (m), 1285 (s), 1255 (s), 1200 (s), 1093 (vs), 998 (w), 934 (m), 882 

(m), 823 (m), 793 (m), 715 (m), 655 (m) cm-1. 

 

Figure S2-34:  1H-NMR spectrum of 15-azido-14,14-bis(azidomethyl)-3,6,9,12-

tetraoxapentadecan-1-amine (2-13).  
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Figure S2-35:  13C-NMR spectrum of 15-azido-14,14-bis(azidomethyl)-3,6,9,12-

tetraoxapentadecan-1-amine (2-13).  
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Figure S2-36:  FT-IR ATR spectrum of 15-azido-14,14-bis(azidomethyl)-3,6,9,12-

tetraoxapentadecan-1-amine (2-13).   
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7.1.2 Functionalization of milled DND and synthesis of ND conjugates 

7.1.2.1 Milling of detonation nanodiamond 

Acid-purified detonation nanodiamond (Gansu Lingyun Corp, see main article for details) was 

milled according to the procedure described in ref. 35 in the main manuscript. In brief, 25 g of 

grey, unmilled DND powder was dispersed in 500 mL DD-water using an ultrasonic bath. Then, 

the turbid dispersion was milled in an attrition mill at 4000 rpm for 2 hours. The final 

concentration of the black, clear dispersion (450 mL) was 51.3 mg mL-1. 

Zeta potential: 44 mV (DD-water, intrinsic pH = 5.5), Surface loading (TGA): no significant 

surface loading = Δm (150-450 °C) = <1 %; Particle size (DLS, DD-water): 10 % ≤ 2.3 nm, 

50 % ≤ 3.3 nm, 90 % ≤ 5.1 nm, FT-IR (KBr): 𝜈 = 3432 (br), 2969 (w), 2923 (w), 2888 (w), 

1712 (m), 1629 (vs), 1370 (vw), 1365 (w), 1320 (m), 1293 (m), 1253 (m), 1128 (s), 1090 (s), 

946 (m), 810 (w), 774 (w), 684 (w) cm-1. 
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Figure S2-37:  FT-IR spectrum (KBr pellet) of ND 2-1 .  
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7.1.2.2 Functionalization of milled detonation nanodiamond 

ND-phenethyl azide (2-2) 

 

Milled ND (1, 95.0 mg) was dispersed in 5 mL MQ-water and dispersed. The reaction was 

heated to 80 °C, then 4-(2-azidoethyl)aniline (0.12 g, 0.74 mmol) and isopentyl nitrite (0.24 g, 

0.27 mL, 2 mmol) were added. The reaction mixture was stirred at 80 °C for 3 days and washed 

in Eppendorf tubes in totally 12 mL volume with MQ-water (2x, 15k RPM), acetone (5x, 10k 

RPM) and MQ-water (2x, 15k RPM). Subsequent drying at 80 °C in vacuum yielded 88 mg of 

ND 2 as a grey powder. Zeta potential: 24 mV (DD-water, intrinsic pH = 4.5), Surface loading 

(TGA): 63 mmol g-1 = Δm (150-450 °C) = 9.2 %; Particle size (DLS, DD-water): 10 % ≤ 

53 nm, 50 % ≤ 76 nm, 90 % ≤ 121 nm, FT-IR (DRIFTS): 𝜈 = 3381 (br), 2952 (m), 2872 (m), 

2105 (vs,), 1712 (m), 1686 (s), 1540 (m), 1351 (m), 1294 (m), 1258 (m), 1130 (w), 1040 (vw), 

959 (vw), 901 (w), 848 (m), 822 (m), 791 (w), 756 (vw) cm-1. 
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Figure S2-38:  FT-IR spectrum (KBr pellet) of ND 2-2 .  
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ND-benzoic acid (2-3) 

 

A dispersion of milled ND (2-1, 1.00 g) was diluted with 150 mL MQ-H2O and mixed with 

4-carboxybenzenediazonium tetrafluoroborate (10.0 g, 42.4 mmol). The reaction mixture was 

then dispersed using an ultrasonic horn (output 80 W) for 20 h. After the reaction the dispersion 

was washed with 100 mL of each acetone (9x), MQ-H2O (1x), acetone/MQ-H2O (2:1, 3x), 

MQ-H2O (3x) at 6.000 RPM. After drying at 80 °C in vacuum, 890 mg of ND 3 were obtained 

as a dark-grey powder. Zeta potential: -27.5 mV (DD-water, intrinsic pH=5.1), Surface 

loading (TGA): 47 mmol/g = Δm (150-450 °C) = 5.7 %; Particle size (DLS, DD-water): 10 % 

≤ 60 nm, 50 % ≤ 82 nm, 90 % ≤ 141 nm, FT-IR (DRIFTS): 𝜈 = 3381 (br), 2980 (s), 2887 (m), 

1716 (m,), 1462 (m), 1381 (m), 1252 (m), 1153 (m), 1072 (m), 813 (w) cm-1. 
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Figure S2-39:  FT-IR spectrum (KBr pellet) of ND 2-3 .  
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General procedure for the preparation of ND 2-4, 2-5, 2-7, 2-41 by thioester formation 

 

Figure S40:  Schematic representation of thioester formation of ND 2-4 ,  2-5 ,  2-7  and 2-41 .  

The general procedure is presented in the main article. 

ND 2-41: Zeta potential: 14 mV (DD-water, intrinsic pH=5.5). Particle size: (DLS, DD-

water): 10 % ≤ 80 nm, 50 % ≤ 119 nm, 90 % ≤ 196 nm. Surface loading (TGA): 10.6 % (150-

450 °C). FT-IR (KBr): 3418 (br), 2934 (vs), 2853 (s), 2103 (m), 1705 (vs), 1639 (vs), 1606 

(vs), 1538 (s), 1452 (m), 1366 (vs), 1229 (vs), 1169 (m), 1148 (s), 1110 (s), 866 (m), 775 (m) 

cm-1. 

The analytical data of ND 2-4, 2-5 and 2-7 are presented in the main text. 
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Figure S2-41:  FT-IR spectra (KBr pellet)  of ND 2-4, 2-5, 2-7, 2-41 .  

General procedure for the preparation of ND 2-6, 2-42 and 2-43 by amide formation 

 

Figure S2-42:  Schematic representation of amid formation of ND  2-6 ,  2-42  and 2-43 .  

The general procedure is presented in the main article together with the analytical data of ND 

2-6. 

ND 2-42: Zeta potential: 31 mV (DD-water, intrinsic pH=6.0). Particle size: (DLS, DD-water): 10 % ≤ 

51 nm, 50 % ≤ 84 nm, 90 % ≤ 174 nm. Surface loading (TGA): 9.8 % (150-450 °C). FT-IR (KBr): 3465 (br), 

2923 (s), 2096 (s), 1711 (m), 1641 (vs), 1534 (s), 1439 (w), 1358 (m), 1282 (s), 1237 (m), 1117 (vs), 1029 

(s) cm-1.  
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ND 43: Zeta potential: 24 mV (DD-water, intrinsic pH=6.0). Particle size: (DLS, DD-water): 10 % ≤ 

80 nm, 50 % ≤ 133 nm, 90 % ≤ 246 nm. Surface loading (TGA): 11.2 % (150-450 °C). FT-IR (KBr): 3383 

(br), 2969 (vs), 2923 (s), 2885 (s), 2108 (vs), 1704 (w), 1641 (s), 1547 (w), 1452 (w), 1372 (m), 1300 (s), 

1124 (vs), 1093 (vs), 1042 (s), 954 (s) cm-1 
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Figure S2-43: FT-IR spectra (KBr pellet)  of ND 2-6, 2-42, 2-43 .  
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General procedure for the preparation of ND conjugates 2-8, 2-9, 2-10, 2-11, 2-12 

 

Figure S2-44 : Schematic representation of a click reaction to ND 2-8 ,  2-9 ,  2-10 ,  2-11  and 2-12 .  

The general procedure for the preparation of ND 8-12 is presented in the main article together 

with their analytical data. 
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Figure S2-45:  FT-IR spectra (KBr pellet) of ND 2-8, 2-9, 2-10, 2-11 and  2-12 .   
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7.1.3 Thermogravimetric analysis of ND 2-2–2-11 with and without FBS 

incubation  

Figure S2-46:  Thermogravimetric analysis  curves of ND 2-2–2-11  (A-K) and ND 2-41–2-43  (L-

N).  

(TGA data for ND 2-1 and ND 2-12 with and without FBS are shown in the main manuscript.) 
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7.1.4 Colloidal stability of ND 2-1–2-12 in different media 

7.1.4.1 Colloidal stability of ND 2-1–2-12 in FBS/water 1:5 (v/v) (red 0 d, green 2 d, 

blue 3 d) 
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Figure S2-47:  Dynamic light scattering  spectra of ND 2-1–2-12  in FBS/water 1:5 (v/v) in 

intensity (left)  and volume (right, color code red 0 day, green 2 days an d blue 3 days.  
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7.1.4.2 Colloidal stability of ND 2-1–2-12 in DMEM/water 1:9 + 1% FBS (v/v) 

 

 



7.1 Chapter 2 - Supporting Information 

- 201 - 

 

 

Figure S2-48:  Dynamic light scattering  spectra of ND 2-1–2-12  in DMEM/water 1:9 + 1% FBS 

(v/v) in intensity (left) and volume (right, color code red 0 day, green 2 days and blue 3 days.  

7.1.4.3 Colloidal Stability of ND 2-1–2-12 in DMEM/FBS 9:1 (v/v) 
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Figure S49:  Dynamic light scattering  spectra of ND 1-12  in DMEM/FBS 9:1 (v/v) in intensity 

(left) and volume (right, color code red 0 day, green 2 days and blue 3 days.  

 

  



7.1 Chapter 2 - Supporting Information 

- 203 - 

 

7.1.5 Particle size distribution of ND 2-1–2-12 and pristine DND in aqueous 

solution by dynamic light scattering 

 

 



7.1 Chapter 2 - Supporting Information 

- 204 - 

 

 

 

Figure S2-50:  Dynamic light scattering spectra of ND 2-1–2-12 ,  DND before milling and FBS 

in DD-water as a distribution of intensity (top), volume (middle) and number (bottom) in percent.  
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7.1.6 Particle size of ND 2-1, ND 2-3 and ND 2-12 measured by AFM 

 

Figure S2-51:  AFM images of ND 2-1  (left), ND 2-3  (center) and ND 2-12  (right) deposited on 

a plasma-etched silicon wafer by dropcasting followed by blow -drying with nitrogen.  

7.1.7 Interaction of different ND conjugates with E. coli bacteria 

Chemically competent cells of E. coli TOP10 [F–mcrA Δ(mrr-hsdRMS-mcrBC) Φ80lacZΔM15 

ΔlacX74 recA1 araD139 Δ(ara leu) 7697 galU galK rpsL (StrR) endA1 nupG] were transformed 

with the vector pETM11 (EMBL) which carries the kanamycin resistance gene as a selection 

marker.  

A single clone from an agar plate containing 50 μg/mL kanamycin was used to inoculate 10 μL 

of LB medium with antibiotic. Six mL of the overnight culture were centrifuged for 1 min at 

16,000 x g and the supernatant discarded. The harvested cells were washed with 2 mL 

phosphate-buffered saline (PBS, 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM 

KH2PO4), centrifuged, and resuspended in 2 mL PBS. The optical density of the cells measured 

at 600 nm in a cuvette of 1 cm path length was 6.23. 

Aliquots of 50 µL cells in PBS were prepared and mixed with 6 µL of previously sonicated 

nanodiamonds (NDs) (1 mg/mL stock) and 4 µL PBS to obtain a final concentration of 0.1 NDs 

mL-1. A blank sample was prepared without NDs. Cells were incubated for 1 h at 27 °C in a 

thermomixer comfort (Eppendorf) with shaking (700 rpm). After this time, 30 µL of cells/ND 
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and the blank sample were transferred to a 96-well 2.0 mL DeepWell™ plate (Thermo 

Scientific™ Nunc™) and 1.17 mL LB medium was added. The plate was sealed with an air 

permeable adhesive foil (Breathe-EASIER™, 6" x 3.25", Diversified Biotech). Incubation 

proceeded at 37 °C/750 rpm in a TIMIX incubator during 7 h.  

Samples were taken at different periods of time and the optical density of cultures was measured 

in a 96-well plate at 600 nm using appropriate dilutions in a total volume of 100 µL. 

For experiments with a final concentration of 0 .5 NDs mL-1, 10 mL of the overnight culture 

were centrifuged, and processed as mentioned above. Aliquots of 30 µl of cells in PBS were 

incubated with 30 µl of ND and the E. coli growth was measured as previously described. 

All experiments were performed in duplicates and the average of two measurements was plotted 

against the growth time using a nonlinear curve fitting in OriginPro 9.1 (OriginLab). 

 

Figure S2-52: E. Coli  growth curves with 0.1 mg mL -1 (A) and 0.5 mg mL -1 (B) of each ND 

(sample numbers given for each individual curve)  
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7.2 Chapter 3 - Supporting Information 

The following section is slightly modified and reproduced from the manuscript of A. Sigaeva‡, 

V. Merz‡, R. Sharmin, S. R. Hemelaar, R. Schirhagl*, A. Krueger*. 

7.2.1 Organic Synthesis 

The synthesis of the basic structure of organic molecules was recently reported by us1 and is 

based on the work of Rotello and coworkers.[2,3] 

1,1,1-Triphenyl-12,15,18,21-tetraoxa-2-thiatricosan-23-yl methane-sulfonate (3-12) 

 

The glycol precursor 3-11 (5.6 g, 9.41 mmol, 1.00 eq) was dissolved in dry DCM and 

Triethylamine (TEA) (2.60 mL, 18.8 mmol, 2.00 eq) was added. After cooling the mixture in 

an ice bath methanesulfonyl choride (1.10 mL, 14.1 mmol, 1.50 eq) was added dropwise. After 

60 min at 0 °C, the reaction mixture was warmed to room temperature and stirred for 1 d. Upon 

completion, the reaction mixture was concentrated in vacuo. The crude product was dissolved 

in DCM (70 mL) and washed three times with 0.1 M HCl (100 mL), neutralized with saturated 

NaHCO3-solution and washed with MQ-water three times. The organic layer was dried with 

Na2SO4 and the solvent removed in vacuo. The crude product was purified by column 

chromatography (silica, cyclohexane/EtOAc, 2:5, v/v). After removing the solvent, the product 

was obtained as a slightly yellow oil.  

Yield: 4.66 g (6.94 mmol, 74 %). Rf (EtOAc/cyclohexane, 5:2): 0.29. 1H-NMR (400 MHz, 

CDCl3): δ = 7.44-7.38 (m, 6H, H-3), 7.34-7.24 (m, 6H, H-2), 7.24-7.17 (m, 3H, H-1), 4.38 (m, 

2H, H-22), 3.80-3.53 (m, 14H, H-15 – H-21) 3.43 (t, 3J14,13 = 6.8 Hz, 2H, H-14), 3.07 (s, 3H, 

H-23) 2.12 (t, 3J6,7 = 7.4 Hz, 2H, H-6), 1.59-1.48 (m, 2H, H-13), 1.39-1.26 (m, 2H, H-7) 
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1.26-0.95 (m, 10H, H-8 – H-12) ppm. 13C-NMR (100 MHz, CDCl3): δ = 145.2 (Cq, C-4), 129.7 

(CH, C-2), 127.9 (CH, C-3), 126.6 (CH, C-1), 71.6, 70.8, 70.7, 70.6, 70.2, 69.4, 69.1 ((CH2)9, 

C-14/15/16/17/18/19 /20/21/22), 66.5 (Cq, C-5), 37.9 (CH3, C-23), 32.2 (CH2, C-6), 29.7, 29.5, 

29.5, 29.2, 29.1, 28.7, 26.2 ((CH2)7, C-7/8/9/10/11/12/13) ppm. HRMS (ESI,+): found: 

695.30399 [M]+; calc. for [M]+: 695.30467. FT-IR (ATR): 𝜈 = 3055 (w), 3024 (w), 2925 (s), 

2854 (s), 1595 (w), 1486 (m), 1444 (m), 1351 (s), 1246 (m), 1174 (s), 1105 (s), 1018 (w), 

970 (w), 918 (w), 798 (w), 744 (m), 700 (s), 619 (w) cm-1. UV/Vis (acetonitrile): 𝜆𝑚𝑎𝑥(log ε) 

= 256 (5.37), 290 (4.74), 320 (4.72) (c = 2.0 ⋅ 10−5 mol L-1) nm. 

  

Figure S3-1 : 1H-NMR of 1,1,1-triphenyl-12,15,18,21-tetraoxa-2-thiatricosan-23-yl methane-

sulfonate (3-12).  
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Figure S3-2: 13C-NMR spectrum of 1,1,1-triphenyl-12,15,18,21-tetraoxa-2-thiatricosan-23-yl 

methane-sulfonate (3-12).  
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Figure S3-3 : FT-IR ATR of 1,1,1-triphenyl-12,15,18,21-tetraoxa-2-thiatricosan-23-yl methane-

sulfonate(3-12).  
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N,N-dimethyl-1,1,1-triphenyl-12,15,18,21-tetraoxa-2-thiatricosan-23-amine (3-13)[3] 

 

The mesylate 3-12 (2.38 g, 3.53 mmol, 1.00 eq) was added to an emulsion of DCM (25 mL) 

and a 40-%-solution of dimethylamine in water (8.00 mL, 70.0 mmol, 20.0 eq). and stirred for 

1 d at room temperature. After one day, the reaction mixture was extracted with of deionized 

water and DCM. The organic layer was separated and the solvent removed in vacuo before 

purifying the crude product by column chromatography (silica, cyclohexane/EtOAc, 1:4, v/v). 

By adding TEA (5 %) to the eluent, the product was isolated. After removing the solvent, the 

product was obtained as a slightly yellow oil.  

Yield: 9.69 g (1.54 mmol, 44 %). Rf (EtOAc/cyclohexane/TEA, 76:19:5): 0.33. 1H-NMR (400 

MHz, CDCl3): δ = 7.44-7.38 (m, 6H, H-3), 7.34-7.24 (m, 6H, H-2), 7.24-7.17 (m, 3H, H-1), 

3.71-3,55 (m, 14H, H-15 – H-21) 3.42 (t, 3J13,14 = 6.8 Hz, 2H, H-14), 2.50 (t, 3J21,22 = 5.8 Hz 

2H, H-22) 2.26 (s, 6H, H-23), 2.12 (t, 3J6,7 = 7.4 Hz, 2H, H-6), 1.61-1.49 (m, 2H, H-13), 

1.43-1.32 (m, 2H, H-7) 1.32-1.06 (m, 10H, H-8 – H-12) ppm. 13C-NMR (100 MHz, CDCl3): 

δ = 144.4 (Cq, C-4), 129.5 (CH, C-2), 126.7 (CH, C-3), 126.4 (CH, C-1), 71.4, 70.5, 70.5, 70.5, 

70.5, 70.3, 69.9, 68.9 ((CH2)8, C-14/15/16/17/18/19/20/21), 66.2 (Cq, C-5), 58.6 (CH2, C-22), 

45.6 (CH3, C-23), 31.8 (CH2, C-6), 29.5, 29.2, 29.2, 29.0, 28.8, 28.4, 25.9 ((CH2)7, 

C-7/8/9/10/11/12/13) ppm. HRMS (ESI,+): Gef.: 622,39246 ; calc.: 622,39246. FT-IR(ATR): 

𝜈  = 2925 (m), 2854 (m), 1489 (w), 1444 (m), 1351 (w), 1296 (w), 1113 (m), 1036 (w), 

847 (w), 744 (s), 700 (s), 619 (w) cm-1. UV/Vis (acetonitrile): 𝜆𝑚𝑎𝑥(log ε) = 280 (4.18), 332 

(3.89), (c = 2.57 ⋅ 10−5 mol L-1) nm. 
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Figure S3-4 : 1H-NMR spectrum of N,N-dimethyl-1,1,1-triphenyl-12,15,18,21-tetraoxa-2-

thiatricosan-23-amine (3-13).  

 

Figure S3-5: 13C-NMR spectrum of N,N-dimethyl-1,1,1-triphenyl-12,15,18,21-tetraoxa-2-

thiatricosan-23-amine (3-13).  
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Figure S3-6: FT-IR ATR spectrum of N,N-dimethyl-1,1,1-triphenyl-12,15,18,21-tetraoxa-2-

thiatricosan-23-amine (3-13).  

24,24-Dimethyl-1,1,1-triphenyl-12,15,18,21-tetraoxa-2-thia-24-azaheptacosan-24-ium-

27-sulfonate (3-14)[16] 

 

The amine 3-13 (960 mg, 1.54 mmol, 1.00 eq) was dissolved in dry acetone (45 mL) and 

1,3-propanesultone (410 mg, 3.40 mmol, 2,20 eq) was added and the mixture was stirred for 

1 d at room temperature. The resulting solid was filtered and washed with EtOAc/cyclohexane 

(1:4, v/v). After drying it in vacuo, a colorless solid was obtained. 
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Yield: 3,15 g (4.2 mmol, 94 %). 1H-NMR (400 MHz, CDCl3): δ = 7.42-7.37 (m, 6H, H-3), 

7.31-7.24 (m, 6H, H-2), 7.23-7.16 (m, 3H, H-1), 4.00-3.88 (m, 2H, H-24), 3.84-3.73 (m, 2H, 

H-26), 3.71-3,58 (m, 12H, H-15 – H-20), 3.58-3,51 (m, 2H, H-21), 3.41 (t, 3J13,14 = 6.9 Hz, 2H, 

H-14), 3.22 (s, 6H, H-23), 2.90 (t, 3J21,22 = 6.3 Hz 2H, H-22), 2.34-2.20 (m, 2H, H-25), 2.12 (t, 

3J6,7 = 7.4 Hz, 2H, H-6), 1.61-1.47 (m, 2H, H-13), 1.43-1.32 (m, 2H, H-7) 1.32-1.02 (m, 10H, 

H-8 – H-12) ppm. 13C-NMR (100 MHz, CDCl3): δ = 145.4 (Cq, C-4), 129.9 (CH, C-2), 128.1 

(CH, C-3), 126.8 (CH, C-1), 71.8, 70.9, 70.8, 70.7, 70.5, 70.5, 70.3 ((CH2)8, 

C-14/15/16/17/18/19/20/21), 66.7 (Cq, C-5), 65.5 (CH2, C-24), 65.2 (CH2, C-26), 59.0 (CH2, 

C-25), 52.2 (CH3, C-23), 47.9 (CH2, C-22) 32.4 (CH2, C-6), 29.9, 29.7, 29.5, 29.4, 29.3, 28.9, 

26.4 ((CH2)7, C-7/8/9/10/11/12/13) ppm. HRMS (ESI,+): found: 744.39671 [M]+; calc. for 

[M]+: 744.39622. FT-IR (ATR): 𝜈 = 3450 (br), 3055 (vw), 3022 (vw), 2925 (m), 2854 (m), 

1733 (w), 1666 (w), 1597 (w), 1487 (m), 1442 (m), 1176 (s), 1105 (s), 1035 (s), 742 (s), 

698 (s), 607 (m) cm-1. UV/Vis (acetonitrile): 𝜆𝑚𝑎𝑥 (log ε) = 255 (5.34), 328 (4.91), 

(c = 2.15 ⋅ 10−5 mol L-1) nm. 

 

Figure S3-7: 1H-NMR spectrum of 24,24-dimethyl-1,1,1-triphenyl-12,15,18,21-tetraoxa-2-thia-

24-azaheptacosan-24-ium-27-sulfonate (3-14).  
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Figure S3-8: 13C-NMR spectrum of 24,24-dimethyl-1,1,1-triphenyl-12,15,18,21-tetraoxa-2-thia-

24-azaheptacosan-24-ium-27-sulfonate (3-14).  
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Figure S3-9: FT-IR ATR spectrum of 24,24-dimethyl-1,1,1-triphenyl-12,15,18,21-tetraoxa-2-

thia-24-azaheptacosan-24-ium-27-sulfonate (3-14).  
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25-mercapto-4,4-dimethyl-7,10,13,16-tetraoxa-4-azapentacosan-4-ium-1-sulfonate (3-5) 

 

The protected thiol 3-14 (70 mg, 94 µmol, 1.00 eq) was dissolved in dry DCM (0.7 mL) and 

TFA (0.15 mL, 1.90 mmol, 20.00 eq), TFAH (0.04 mL, 0.30 mmol, 3.00 eq) and TIPS 

(0.06 mL, 0.30 mmol, 3.00 eq) were added. After adding TFA, the mixture turns yellow. The 

reaction mixture was stirred overnight (16 h) at room temperature. The solvent was removed in 

vacuo and the crude product was washed with diethyl ether (3x, 1.5 mL). After drying the 

product in vacuo, a whitish solid was obtained which is melting at room temperature to form a 

slightly yellow oil. 

Yield: 22 mg (44 µmol, 63 %). 1H-NMR (400 MHz, CDCl3): δ = 3.99-3.86 (m, 2H, H-20), 

3.82-3.70 (m, 2H, H-22), 3.71-3.58 (m, 12H, H-11 – H-16), 3.58-3.50 (m, 2H, H-17), 3.42 (t, 

3J10,9 = 6.9 Hz, 2H, H-10), 3.23 (s, 6H, H-19), 2.96-2.85 (m, 3H, H-18+H-1), 2.51 (t, 

3J2,3 = 7.4 Hz, 2H, H-2), 2.36-2.14 (m, 2H, H-21), 1.66-1.49 (m, 4H, H-3+H-9) 1.45-1.15 (m, 

10H, H-4 – H-8) ppm. 13C-NMR (100 MHz, CDCl3): δ = 71.8, 70.8, 70.8, 70.7, 70.7, 70.4, 

70.3, 69.1 ((CH2)8, C-10/11/12/13/14/15/16/17), 65.3 (CH2, C-20), 65.0 (CH2, C-22), 57.1 

(CH2, C-21), 52.1 (CH3, C-19), 47.9 (CH2, C-18), 34.0 (CH2, C-2), 29.6, 29.5, 29.4, 29.0, 28.3 

26.0, 24.7 ((CH2)7, C-3/4/5/6/7/8/9) ppm. HRMS (ESI,+): found: 524.26701 [M]+; calc. for 

[M]+: 524.26862. FTIR (ATR): 𝜈  = 3440 (br), 2934 (s), 2856 (s), 2549 (w), 1764 (m), 

1458 (m), 1207 (s), 1122 (vs), 1038 (s), 964 (w), 942 (w), 802 (m), 702 (m), 595 (m). UV/Vis 

(acetonitrile): 𝜆𝑚𝑎𝑥(log ε) = 232 (4,57), 270 (4,28),  278 (4,29), 308 (4,66), 328 (7,32), 

(c = 2.19 ⋅ 10−5 mol L-1) nm.   



7.2 Chapter 3 - Supporting Information 

- 217 - 

 

 

Figure S3-10: 1H-NMR spectrum of 25-mercapto-4,4-dimethyl-7,10,13,16-tetraoxa-4-

azapentacosan-4-ium-1-sulfonate (3-5).  

 

Figure S3-11: 1 3C-NMR spectrum of 25-mercapto-4,4-dimethyl-7,10,13,16-tetraoxa-4-

azapentacosan-4-ium-1-sulfonate (3-5).  
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Figure S3-12: FT-IR ATR spectrum of 25-mercapto-4,4-dimethyl-7,10,13,16-tetraoxa-4-

azapentacosan-4-ium-1-sulfonate (3-5).  
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7.2.2 Nanodiamond Functionalization 

Benzoic acid functionalized ND 3-3 

 

Figure S3-13:  Functionalization of HPHT fND 3-1  with diazonium salt 3-2 .  

As received fND 3-1 (2 mg, 1 mg/mL) was mixed with the diazonium salt 3-2 (10 mg in 4 mL 

MQ-water) in a chamber of a mini mill Pulverisette 23 for 1 h at 50 Hz vibration mode with 

10x2 mm steel beads. The chamber was opened in minute 5, 20 and 45 to release the 

overpressure of nitrogen. After the reaction, the fNDs were washed with water, acetone, THF, 

dry THF in consecutive dispersion-centrifugation (16000 rpm, 10 min) steps. One part of the 

dispersion was then washed again in acetone and water for further analytics. The dispersion 

appears grey in dispersion and whitish grey when dry. As the amount of fND was too low to be 

able to carry out all characterizations, a larger batch of non-fluorescent but otherwise identical 

HTHP ND (non-fND) was functionalized using the same procedure. The thermogravimetric 

data have been obtained from this nonfluorescent batch of 3-3.  

ND 3-1 (fND): Zeta potential: ‐30.5 mV (DD‐water, intrinsic pH=5.5), Particle size (DLS, 

DD‐water): 10 % ≤ 71 nm, 50 % ≤ 287 nm, 90 % ≤ 887 nm.  

ND 3-1 (non-fND): Zeta potential: ‐36 mV (DD‐water, intrinsic pH=5.4), Surface loading 

(TGA): Δm(150‐300 °C) = 0.3 %, Particle size (DLS, DD‐water): 10 % ≤ 71 nm, 50 % ≤ 110 

nm, 90 % ≤ 197 nm, FT‐IR (DRIFTS): 𝜈 = 3600 (br), 1760 (m),  1604 (m), 1181 (m), 863 (s) 

cm‐1. 

ND 3-3 (fND): Zeta potential: ‐28.2 mV (DD‐water, intrinsic pH=5.5), Particle size (DLS, 

DD‐water): 10 % ≤ 97 nm, 50 % ≤ 184 nm, 90 % ≤ 387 nm, FT‐IR (DRIFTS): 𝜈 = 3400 (br), 

2951 (vw), 2930 (vw), 2853 (vw ), 2637 (br), 2521 (br), 1936 (w), 1704 (s), 1604 (s), 1411 (s), 
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1259 (m), 1179 (w), 1111 (w), 1021 (w), 963 (vw), 911 (vw), 863 (m), 788 (m), 710 (w), 634 

(vw) cm-1. 

ND 3-3 (non-fND): Zeta potential: ‐28.8 mV (DD‐water, intrinsic pH=5.6), Surface loading 

(TGA): 0.30 mmol/g = Δm(150‐300 °C) = 3.8 %; Particle size (DLS, DD‐water): 10 % ≤ 137 

nm, 50 % ≤ 246 nm, 90 % ≤ 478 nm, FT‐IR (DRIFTS): 𝜈 = 3400 (br), 2951 (vw), 2930 (vw), 

2853 (vw ), 2637 (br), 2521 (br), 1936 (w), 1704 (s), 1604 (s), 1411 (s), 1259 (m), 1179 (w), 

1111 (w), 1021 (w), 963 (vw), 911 (vw), 863 (m), 788 (m), 710 (w), 634 (vw) cm‐1. 

Thioester formation to ND 3-6 

 

Figure S3-14:  Thioester formation on the ND surface.  

To perform this reaction, the ND 3-3 was washed two times in THF and two times in dry THF. 

The dispersion was mixed with DCC (42 mg, 202 mmol) and 4-DMAP (5 mg, 40 mmol) 

respective zwitterion (27 mg, 53 mmol) and azide (20 mg, 53 mmol) linker for a thioester 

formation. The reaction was stirred 28 days at room temperature and after 8 days, the same 

amount of starting materiel and linker was added to the reaction. After 28 days, water was used 

to quench the reaction and wash the fNDs free from organic material. Used solvents were THF, 

water, acetone, dichloromethane, acetone and bidestilled water. 

ND 3-3 (fND): Zeta potential: ‐34.5 mV (DD‐water, intrinsic pH=5.4), Particle size (DLS, 

DD‐water): 10 % ≤ 153 nm, 50 % ≤ 266 nm, 90 % ≤ 531 nm, FT‐IR (DRIFTS): 𝜈 = 3383 (br), 

2930 (m), 2853 (m), 2102 (vw), 1704 (m), 1652 (m) 1604 (s), 1535 (s), 1408 (vs), 1271 (w), 
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1215 (vw), 1184 (w), 1021 (w), 1103 (w), 1039 (m), 1015 (m), 867 (w), 788 (m), 710 (w) cm‐

1.  

ND 3-6 (non-fND): Zeta potential: ‐25 mV (DD‐water, intrinsic pH=5.4), Surface loading 

(TGA): 0.21 mmol/g = Δm(150‐300 °C) = 11.8 %, Particle size (DLS, DD‐water): 10 % ≤ 175 

nm, 50 % ≤ 216 nm, 90 % ≤ 266 nm, FT‐IR (DRIFTS): 𝜈 = 3383 (br),  2930 (m),  2853 (m), 

2102 (vw), 1704 (m), 1652 (m) 1604 (s), 1535 (s), 1408 (vs), 1271 (w), 1215 (vw), 1184 (w), 

1021 (w), 1103 (w), 1039 (m), 1015 (m), 867 (w), 788 (m), 710 (w) cm‐1.  
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7.2.3 Antibody Purification, Modification and Binding on ND 

 

Figure S3-15: Schematic illustration of antibody purification and functionalization with a 

clickable DBCO-NHS ester.  

For the click reaction, the antibody (ab) had to be purified. By using PierceTM Antibody clean-

up kit from Thermo Scientific the antibody was cleaned in a two-step procedure. In the first step 

the antibody was desalted using ZebaTM Spin Desalting Columns, 7K MWCO, and in the second 

step MelonTM Gel IgG Spin Purification Kit was used bind non-antibody serum proteins. 

Cleaning with ZebaTM Spin Desalting Columns, 7K MWCO: 

In this column, the resin is mixed with buffer. The column must be washed and dried by 

centrifugation. Therefore, the column’s bottom cap must be removed and the top cap should be 

loosening to avoid vacuum build up in the column while it is centrifuged (RCF = 1500, 1 min). 

Since a rotor with a settled angel was used, the column must be marked and put every time in 

the same orientation. It was 300 µL melon puffer added and washed 3 times. To desalt the 

antibody, the antibody mixture 3-6 (50 µL, 1 mg/mL) was applied to the dry column and 

centrifuged again at the same speed 2 min. After 2 min, the column is loaded with 15 µm 

bidestilled water and centrifuged again 2 min. 
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Cleaning with MelonTM Gel IgG Spin Purification Kit: 

The BSA/Gelatin removal was done using a 100 µL Melon gel column. To prepare the column, 

the melon gel was centrifuged as described above (4000xG 1x 1 min) and washed two times 

with melon buffer (4000xG 2x 10 s). The gel was incubated with the antibody mixture 3-6 (in 

bidest. water/BSA mixture) for 10 min and centrifugate 1 min at 4000xG to a total volume of 

35 µL. 

Preparation of clickable antibodies 

The preparation of the clickable antibodies 3-8 was performed with DBCO-NHS-ester in 

DMSO (1 µg/µL). A total of 10 µL (10-fold excess) was added to the 35 µL antibody solution 

3-6. Additionally, 90 µL of DMSO were added. The reaction was shaken at r.t. 30 min. To stop 

the reaction, Tris-HCl buffer (pH = 8, 100 mM) was added and the mixture shaken for 

additional 5 min. The excess of ester and Tris-HCl was adsorbed on a Zeba column (see above 

for procedure). 

Coupling of prefunctionalized ND 3-9 with the clickable antibody 3-8 

 

Figure S3-16:  Click reaction between antibodies and azide moieties of the functionalized fND.  



7.2 Chapter 3 - Supporting Information 

- 224 - 

 

As soon as the antibody was purified and reacted with the ester, the click reaction was initiated 

to prevent decomposition related to the poor stability of the antibodies and dibenzocyclooctyne. 

Therefore, the antibody solution was mixed with 1 mg of fND 3-8 (1 mg/mL) and incubated at 

r.t. 3 h. After 3 h, the reaction mixture was washed three times with bidestilled water in 

consecutive dispersion centrifugation (10000xG 10 min) steps and stored at 4 °C. 

7.2.4 Supplementary References 

[1] V. Merz, J. Lenhart, Y. Vonhausen, M. E. Ortiz-Soto, J. Seibel, A. Krueger. Zwitterion-

Functionalized Detonation Nanodiamond with Superior Protein Repulsion and Colloidal 

Stability in Physiological Media. Small, 2019, 15, 1901551. 

[2] C. Kim, G. Y. Tonga, B. Yan, C. S. Kim, S. T. Kim, M.-H. Park, Z. Zhu, B. Duncan, B. 

Creran, V. M. Rotello. Regulating exocytosis of nanoparticles via host-guest chemistry. 

Org. Biomol. Chem. 2015, 13, 2474–2479. 

[3] C. K. Kim, P. Ghosh, C. Pagliuca, Z.-J. Zhu, S. Menichetti, V. M. Rotello. Entrapment of 

hydrophobic drugs in nanoparticle monolayers with efficient release into cancer cells. J. 

Am. Chem. Soc. 2009, 131, 1360–1361. 
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7.3 Chapter 4 - Supporting Information 

The following section is slightly modified and reproduced from V. Merz, J. Merz, M. Kirchner, 

J. Lenhart, T. B. Marder, A. Krueger, Pyrene-Based “Turn-Off” Probe with Broad Detection 

Range for Cu2+, Pb2+ and Hg2+ Ions, Chem. Eur. J. 2021, 27, 8118–8126., with permission from 

Wiley-VCH. 

7.3.1 Organic Synthesis 

 

Under an N2 atmosphere, azide 4-1 (0.80 g, 1.6 mmol, 1.0 eq) and alkyne 4-2 (1.50 g, 6.6 mmol, 

4.1 eq) were dissolved in DMF (20 mL) and degassed under a stream of nitrogen in an ultrasonic 

bath for 15 min. Sodium ascorbate (1.31 g, 6.6 mmol, 4.1 eq) and CuI (0.42 g, 1.6 mmol, 1.0 

eq) were then added and the mixture was stirred at room temperature for 20 h. The solvent was 

removed, and the residue was dissolved in CH2Cl2 and water. The organic phase was washed 

with brine and the combined aqueous solutions extracted with CH2Cl2 were dried with 

magnesium sulfate and concentrated under reduced pressure. The crude product was purified 

by column chromatography (eluent CyH / EtOAc, 1:1 → 0:1, v/v). After evaporation of the 

solvent, 4-3 was obtained as a yellowish solid. 

Yield: 0.6 g (0.51 mmol, 32 %). M.p.: 180-220 °C. Rf (cyclohexane/EtOAc, 1:1): 0.05. 1H NMR (400 

MHz, CDCl3):  = 8.94 (s, 3H, H-12), 8.73 (s, 6H, H-7), 8.16 (d, 3J2,1 = 7.6 Hz, 6H, H-2), 8.13-

8.03 (m, 12H, H-4+5), 7.99 (dd, 3J1,2 = 7.6 Hz, 3H, H-1), 4.81 (br, 1H, H-24), 4.69 (s, 6H, H-

https://chemistry-europe.onlinelibrary.wiley.com/doi/abs/10.1002/chem.202100594
https://chemistry-europe.onlinelibrary.wiley.com/doi/abs/10.1002/chem.202100594
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13), 3.90-3.81 (m, 4H, H-18/19/20/21), 3.79-3.74 (m, 2H, H-18/19/20/21), 3.74-3.64 (m, 2H, 

H-18/19/20/21), 3.42-3.33 (m, 2H, H-16), 3.32-3.27 (m, 2H, H-17), 3.27 3.19 (m, 2H, H-22), 

3.18-3.01 (m, 4H, H-15+23), 1.36 (s, 9H, H-27) ppm. 13C NMR (100 MHz, CDCl3):  = 156.0 

(Cq, C-25), 148.2 (Cq, C-11), 131.8 (Cq, C-8), 131.2 (Cq, C-6), 128.1 (CH, C-4), 127.9 (Cq, 

C-3), 127.5 (CH, C-5), 126.2 (CH, C-1), 125.4 (CH, C-2), 124.7 (Cq, C 9/10), 124.6 (Cq, C 

9/10), 124.2 (CH, C-12), 122.1 (CH, C 7), 79.3 (Cq, C 26), 77.4 (CH, C-16), 70.8 (CH2, C 17-

22), 70.7 (CH2, C 17-22), 70.6 (CH2, C 17-22), 70.5 (CH2, C-17-22), 70.1 (CH2, C 17-22), 70.0 

(CH2, C 17-22), 68.3 (CH2, C-15), 49.7 (CH2, C-13), 46.5 (Cq, C-14), 40.2 (CH2, C-23), 28. 5 

(CH3, C-27) ppm. FT-IR (ATR): 𝜈 = 3127 (w), 3039 (w), 2966 (w), 2868 (m), 1704 (vs), 1608 (m), 

1504 (s), 1437 (s), 1365 (s), 1275 (m), 1245 (vs), 1170 (vs), 1137 (vs), 1095 (vs), 1040 (vs), 1006 (w), 

962 (vw), 879 (vs), 839 (vs), 819 (vs), 759 (m), 727 (s), 706 (vs), 660 (m), 608 (w) cm-1. HRMS (ESI,+): 

found: 1164.5000 [M]+; calc. for [M]+: 1164.5010. 

 

Figure S4-1.  FT-IR ATR spectrum of tert-butyl (15-(4-(pyren-2-yl)-1H-1,2,3-triazol-1-yl)-

14,14-bis((4-(pyren-2-yl)-1H-1,2,3-triazol-1-yl)methyl)-3,6,9,12-tetraoxapentadecyl)carbamate  

(4-3).  
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Figure S4-2.  1H NMR spectrum of (15-(4-(pyren-2-yl)-1H-1,2,3-triazol-1-yl)-14,14-bis((4-

(pyren-2-yl)-1H-1,2,3-triazol-1-yl)methyl)-3,6,9,12-tetraoxapentadecyl)carbamate  (4-3).  

 

Figure S4-3.  13C{1H} NMR spectrum of (15-(4-(pyren-2-yl)-1H-1,2,3-triazol-1-yl)-14,14-

bis((4-(pyren-2-yl)-1H-1,2,3-triazol-1-yl)methyl)-3,6,9,12-tetraoxapentadecyl)carbamate  (4-3).  
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Figure S4-4. UV/Vis spectra of 4-3  in methanol, acetonitrile, dichloromethane and toluene 

(conc. = 4.29  x  10 -6 mol L -1).   
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7.3.2 Bindfit calculations 

Snapshots of the data obtained from bindfit (http://app.supramolecular.org/bindfit/) 

 

Figure S4-5.  Bindfit plots for Cu2 +-titration for A) <10 eq, B) >10 eq using Nelder -Mead fit for 

1:1 stoichiometry.  
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Figure S4-6.  Bindfit plots for Cu2 +-titration for >10 eq A) 1:1, B) 2:1 C) 1:2 stoichiometry using 

Nelder-Mead fit resulting with negative K 21 for 2:1 and K11 = 4.6  x  108
 M - 1 for 1:2 stoichiometry.  

  

A 
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Figure S4-7.  Bindfit plots for Hg2 +-titration for A) <10 eq, B) >10 eq using Nelder-Mead fit for 

1:1 stoichiometry.  
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Figure S4-8.  Bindfit plots for Pb2 +-titration for A) <10 eq, B) >10 eq using Nelder -Mead fit for 

1:1 stoichiometry.  
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7.3.3 Dynamic Light Scattering Measurements 

 

Figure S4-9. DLS size measurement (diameter) in acetonitrile with A) perchlorate salts, B) 

chemosensor and non-quenching perchlorate salts, C) first minute of chemosensor 4-3  

(5  x  10 -6 mol L -1
,  1  eq) in presence of 200  eq M2 +,  D) after 2 hours, E) first 30 minutes of d iluted 

mixture with sensor 3 , acetonitrile and 60  eq M2 +, F) after one day.  

 

 

 



7.3 Chapter 4 - Supporting Information 

- 234 - 

 

7.3.4 Titration Results 

Benesi-Hildebrand-Plot 

 

Figure S4-10.  Double reciprocal Benesi-Hildebrand plot of Cu 2 + (blue), Pb2+ (green) and Hg2 +  

(red) titration to 4-3  with partial regression line for 0-10  eq and 10-200  eq. Inset: zoomed area 

for 10–200  eq.  

The binding constants of the BH-plot and the bindfit methods differ greatly. Because the BH 

method is only suitable for linear plots, it is not suitable for mixed quenching mechanisms as 

present here. All linear approximations required for the BH plot ignore the non-linear 

progression of the values and lead to unsatisfactory results. This is particularly noticeable for 

the course of the titration with Hg2+, in the range from 0-10 eq, in which the best linear fit does 

not even comprise any of the experimental values.  
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1H-NMR-Titration 

NMR titration experiments in DMSO-d6 to investigate the 1H-NMR shifts upon addition of the 

three quenchers.  

 

Figure S4-11. 1H NMR titration results : A) with Cu 2+ as observed for the aromatic proton signals 

of pyrene (7-H, 9.2 ppm) and triazole (8.8 ppm), B) the plot of the respective protons shift of 

the triazole (triangle), the TEG-CH2 (circle) and the CH3 of the Boc group (square) for the 

respective metal ions.  

After the addition of Cu2+ (Figure S12, left) the signals not only begin to shift evenly, but also 

become broader and smaller, which makes it difficult to interpret the spectra from 20 eq Cu2+. 

Unfortunately, the data show (Figure S12, right) a very linear course without any saturation, 

which does not allow a calculation of the binding constant. However, the NMR experiments 

clearly support the results from the fluorescence experiments that Cu2+ changes the physical 

properties of 4-3 most strongly. It is clearly shown by the small difference in the shift, that the 

triazole proton (star) is always the most shifted, followed by the protons of the Boc-protective 

group (square) and the CH2-backbone of the TEG chain (circle). This information suggests that 

the interaction between 4-3 and the metal ion, as shown in Scheme 1, occurs with the whole 

molecule. 
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Screening Experiments using Different Non-Perchlorate Salts 

 

Figure S4-12.  A) Fluorescence spectra in acetonitrile of sensor 4-3  in the presence of 10 eq of 

the following salts: AgNO 3, AlCl3, FeCl3, C18H30Ir2O2,  CuI, CuOAc2,  HgOAc2,  KOH, KI, LiOH, 

LiAc, NaOH, NaI, NiBr 2, PbOAc2, PdAc2, PdCl2, PtCl6H2, (BrC6H4)3NSbCl6 , SmI2, VOF3,  

H2Na6O40W12 , ZnCl2 and B) respective perchlorate salts.  

Magnification of Figure 4-2A 

 

Figure S4-13.  Magnification of  Figure 2 A (Fluorescence titration spectra of sensor 4-3  at 

1.02  x  10 -6 mol L - 1 with the quencher ions Cu2 +(blue), Pb2 + (green) and Hg 2+ (red), with error 

bars given for all data points).   
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7.4 Chapter 5 - Supporting Information 

The following section is slightly modified and reproduced from the manuscript of V. Merz, J. 

Merz, T. B. Marder, A. Krueger. 

Initial fluorescence measurement indicated the formation of excimers as indicated by the 

strong intensity band around 470 nm in the fluorescence spectrum (see Figure S5-1).  

 

 

Figure S5-1. Normalized  fluorescence spectrum of the washing process of the samples be fore 

the titration measurement  in doubly distilled water.  

However, it was found that this excimer band originated from unreacted 2-ethynyl pyrene 5-

2 adsorbed on the ND surface. The triply pyrene functionalized head groups of sensor 5-3 do 

not show this excimer emission due to the sterically demanding spatial arrangement of the 

pyrenes. Normally, the concentration of unreacted 5-2 should have been reduced to a minimum 

using the established purification protocol. To remove the adsorbed pyrene 5-2, the obtained 

sample of 5-3 was dispersed in warm acetonitrile and DCM (about 30-40 ° C) respectively in 

an ultrasonic bath for 30 min and subsequently centrifuged. The purified precipitate was then 

washed again with acetone and water and fluorescence measurements were carried out in 

double-distilled water under an argon atmosphere. Dispersing in an ultrasonic bath in water is 



7.4 Chapter 5 - Supporting Information 

- 238 - 

 

not sufficient to remove the residual 5-2 (Figure S5-1 green spectrum). Washing with MeCN 

halved the intensity of the excimer band after 20 washes, and subsequent washing with DCM 

caused the excimer band to disappear. The protocol was therefore modified to ensure the 

complete removal of residual 2 by the conformation of the absence of the excimer band. 

 

Figure S5-2:  Thermogravimetric analysis of ND 3  
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Snapshots of the data obtained from bindfit (http://app.supramolecular.org/bindfit/) 

 

 

Figure S5-3 : Bindfit plots for Cu2+-titration using Nelder-Mead fit for 1:1, 1:2 and 2:1 

stoichiometry.  
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Figure S5-4: Bindfit plots for Pb2 +-titration using Nelder-Mead fit for 1:1, 1:2 and 2:1 

stoichiometry.  
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Figure S5-5: Bindfit plots for Hg2+-titration using Nelder-Mead fit for 1:1, 1:2 and 2:1 

stoichiometry.  
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