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Abstract 

Nanodiamonds (NDs) with excellent biocompatibility, specific optical and electron spin 

properties generated from the Nitrogen-Vacancy (NV) defect color centers stand out as a unique 

substance among nanomaterials in biomedical research. In this thesis, the preparation of NDs with 

NV centers, as well as their outstanding physical characteristics have been summarized. Further, 

the chemical modification of NDs’ surfaces and the size fractionation of NDs have been described. 

Upon excitation by a laser, the NV centers emit stable fluorescence that can be employed as 

fluorescent probes for biological imaging. The electron spin of single NV center is sensitive to 

environmental changes and can be detected by optical methods. Therefore, NDs can also be used 

for quantum sensing. As a unique type of nanomaterial, NDs with functional groups on surfaces 

and unique physical properties represent a flexible platform to incorporate different drugs for 

therapeutics. The biomedical applications of NDs including drug delivery, bioimaging, quantum 

sensing, theranostics have been summarized. In the meanwhile, there are also some shortcomings 

of NDs especially for the agglomeration in physiological environments which limit their direct 

use in biomedical fields. The solution for imparting enhanced colloidal stability of NDs is the 

surface coating strategy by polymers or proteins. This surface coating method can also bring 

additional functionalities to ND-protein or ND-polymer complexes for advanced biomedical 

applications. In this thesis, three different nanomaterials have been prepared and used for various 

biomedical applications: (1) nanodiamond-gold (ND-Au) hybrid nanomaterials coated with 

native proteins for multifunctional imaging; (2) NDs coated with protein-derived copolymers for 

synergistic drug delivery and bioimaging; (3) protein-derived precision copolymers grafted with 

ssDNA, which can be further functionalized through DNA hybridization, for potential 

introduction of DNA groups on the surface of NDs and generation of functionalized ND-polymer 

complexes or coupled NDs arrays.  
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Functionalized Nanodiamonds for Biomedical Applications  

Background 

In recent years, numerous biomaterials based on inorganic nanoparticles including gold,1 silver,2 

magnetic nanoparticles,3 silica nanoparticles,4 and carbon nanotubes5 as well as organic materials 

such as polymeric nanoparticles6 have been established and extensively studied for life science 

applications including bioimaging, molecule sensing, drug delivery and gene therapy. These bio-

nanomaterials possess many unique features over small molecules for more efficient and safer 

treatment which include high surface-to-volume ratios, high drug loading capacity, prolonged 

blood circulation time, and targeting efficiency.7-10 Some of those nanoparticles possess innate 

shortcomings such as lack of biocompatibility,11 and poor dispersity.12 Beyond that, there is 

increasing interest to design advanced bio-nanomaterials, i.e., the integration of different 

functionalities into one nanoparticle for comprehensive diagnosis or theranostics.13-15 Besides, 

more detailed investigation of the nanomaterials especially in the subcellular level is highly 

desirable, in which is meaningful for understanding the related biological interactions.16-17 

Accordingly, a series of approaches for the synthesis, purification and surface modification are 

needed to be established to minimize the shortcomings and formulate the nanoparticles-derived 

bionanomaterials with excellent biocompatibility and designated advanced bioactivities.  

Among these nanoparticles, nanodiamonds (NDs) as emerging class of nano-sized carbon 

materials, have received increasing attention due to their excellent biocompatibility, facile loading 

capacity and advanced biomedical applications such as super-resolution live-cell imaging, single-

particle tracking, and quantum biosensing.18-21 Most of these applications are based on their 

outstanding physical properties associated with the nitrogen-vacancy color centers (NV centers). 

Nonetheless, there are several shortcomings of NDs which limit their direct usage in biomedical 

applications. For instance, the fabrication process leads to a non-regular structure with multi-

facets, complicated surface chemistry and a broad size distribution of the product. Besides, NDs 

have strong aggregation tendency in biological environments, which hampers their derived bio-

nanomaterials preparation and challenges their biomedical performance.22 Considering these 



 Background 

6 
 

issues, several approaches for NDs purification, size fractionation, modification have been 

established to translate these nanometer-sized diamonds into nanomedicine. Among those 

methods, surface modification of NDs has been successfully applied by surface coating with 

serum protein or conjugation with synthetic polymer, to form a surface layer and enhance the 

NDs dispersity in physiological systems.18, 23 Beyond that, the surface modification can bring 

additional functionalities to the surface of NDs and the near field of NV centers, and NDs derived 

novel bio-nanomaterials could be envisioned with advanced functions. 
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1. Introduction  

1.1. General aspects of NDs 

1.1.1. Preparation 

Nanodiamonds (NDs) with nitrogen-vacancy defect color centers (NV centers) have received 

increasing attention due to their advanced biomedical applications in bioimaging and biosensing. 

The most attractive feature of NDs is coming from the stable and bright NV centers, which consist 

of a substitutional nitrogen atom with an adjacent carbon vacancy that is randomly distribute in 

the diamond lattice structure.24-25 Upon laser excitation, NV centers within the NDs emit photons 

which extend further into the near-infrared (wavelength > 800 nm)26 that are capable for in vivo 

imaging (700 - 900 nm),27 making NDs well suited as fluorescent probes for biological imaging. 

More importantly, the photoluminescence of NV centers cannot be bleached or blink even under 

high excitation intensities for several hours. Based on the specific photostability, NDs have been 

applied for long-term fluorescence imaging and single nanoparticle tracking in biological 

systems.28 Furthermore, negatively charged NV centers with an additional electron, have special 

spin properties. The fluorescence of NV centers relates to its electronic spin-state, which is 

responsive to the local environmental changes, e.g., the applied electric, magnetic field, or 

thermionic source induced strain field. This spin resonance of single NV center can be optical 

detected and coherently manipulated even at room temperature.29 This nanoscale delicate 

operation and observation provide possibilities for NDs to be used as quantum devices for 

example as probes for biosensing with nanometer resolution.20  

Recently, several methods have been published for fabrication of NDs with NV centers. 

Unfortunately, some of those techniques exhibit limitations to some degree. For example, NDs 

produced by the detonation method, are without NV centers but only with surface nitrogen and 

metal impurities.30-31 On the other hand, carbon black has been irradiated for NDs synthesis but 

this method has been limited by scalability.32 NV centers could also be incorporated into NDs 

produced by CVD (chemical vapor deposition) albeit with less efficiency,33-34 since implanting 
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nitrogen ions into NDs is possible but limited to the penetration depth of the nitrogen ions and the 

production on a big scale is difficult.35 Among these methods, employing high pressure high 

temperature (HPHT) bulk diamonds grown from metal catalysts is considered as the best way for 

the large-scale preparation of NDs.36 In a typical process for the diamond synthesis with the 

HPHT strategy, the nitrogen atom impurities (N) are pre-incorporated in the diamond crystal by 

bonding to four other carbon atoms in the diamond lattice, which has been accomplished by 

dissolving the nitrogen source in the carbon source material, solvent or residue gas. The diamond 

with the concentration of N impurities approximately more than 50 ppm exhibits a yellow color 

due to the optical absorption. In the following, vacancies (V) are produced by irradiation of the 

NDs with photons, electrons, ions or neutrons. The energetic particles knock carbon atoms out of 

their original positions in the diamond lattice. Subsequently, annealing (typically at 800 °C under 

vacuum) activates the migration of V, leading to the formation of NV color centers by trapping 

the vacancies through nitrogen atoms as shown in Fig. 1.  

 

The irradiation step for vacancies generation can be performed to micro-sized bulk diamonds or 

directly to the NDs. Gaffet et al. published an industry scale NDs fabrication method with HPHT 

micro diamonds (20-50µm) as the starting material.37 Vacancies in micro diamond are created by 

Figure 1 NV color center generation by irradiation and annealing. 
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high energy electron irradiation with a beam power of 80 kW (10 MeV and 8 mA). After 

annealing, the fluorescent microdiamonds were crushed down to nanoscale by continually milling 

for 24 h. NDs with 10 nm size and stable fluorescence are obtained from the acid purified products. 

This method could be used to synthesize gram-scale NDs with high yield. Direct irradiation on 

nitrogen enriched nano-sized diamonds was also performed for mass NDs fabrication. Fann et al. 

presented a self-built prototype device for vacancy creation on HPHT NDs (35nm or 140 nm) as 

the starting material, which was irradiated by a high-frequency, yet medium-energy 40-

keV(~10µA) He+ beam.38 The inert He+ with a remarkably high vacancy creation efficiency, 

current than the beams emanating from a tandem particle accelerator. 

1.1.2. Physical property 

Two types of NV centers can be generated through the irradiation and annealing process: neutral 

NV0 and negatively charged NV– showing zero-phonon lines (ZPLs) at 576 nm and 638 nm, 

respectively.39 Both ZPLs are accompanied by broad phonon sidebands with a red-shift of ∼50 

nm. NV centers are randomly distributed in NDs leading to different ratios of NV− and NV0. 

Therefore the generated emission spectrum slightly differs in each particle with a broad phonon 

sideband spanning from 600 to 800 nm. Individual ND particle displays a time traced fluorescence 

intensity and the fluorescence of NV centers that shows no sign of fluorescence fading over a 

period of 300 s. In contrast, Alexa Fluor 546 as a single dye molecular model experienced 

photobleaching after 12 s under the same excitation conditions.39 The specific photostability of 

NV centers is related to its charge states, that NV0 and NV− could emit stable fluorescence while 

the NV+ lose the photoluminescence.40 NV centers could be considered as defects embedded in a 

chemically inert crystal lattice host, which is isolated from acceptors that can abstract an electron 

from it. Because of that, the photostability of NDs is associated with the depth of NV centers in 

the NDs and the chemistry of surface carbon, which affect the conductivity of the nanoparticle 

and prohibit NV centers contact with environmental changes.26 For NDs with graphite surface, 

NV centers could be quenched and lose their fluorescence. For a diamond with hydrogenated 

surface carbon, the charge states of NV centers could be switched by connecting the diamond to 

electrode, and the loss of photoluminescence has been proven.40-41 This phenomenon is attributed 
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to the increased conductivity of NDs leading to the loss of electron, which could be prevented by 

surface oxidization.42-43 There have also been concerns about the photostability of NV centers 

located a few nanometers from the surface, which might be challenging to avoid environmental 

influences. Barnard et al. have confirmed the photostability of NV− centers in theory, by which 

the substituting nitrogen atom for the vacancy requires more than three atomic layers distance 

from the surface.44 Nevertheless, NDs with radius size less than 4 nm containing only a single 

NV− center were reported exhibiting excellent photostability.45 Due to the extraordinary optical 

property, NDs have been applied in a series of advanced optical imaging such as long-term 

imaging and single nanoparticle tracking, which are summarized in section 1.3.3. 

The negatively charged NV– centers have two unpaired electrons, and their electron spin 

resonance has been extensively investigated, including the transitions of spin dynamics that occur 

between the triplet ground-state ms = 0 and ms = ± 1.25 The NV center can be spin-polarized by 

optical pumping and manipulated using electron paramagnetic resonance at single molecule level. 

Such optical readout of electron spin resonance signal is called optically detected magnetic 

resonance (ODMR).29 The ODMR spectra of NV center is also related to the symmetry of the 

defect center. Thus the NV center spin dynamic is sensitive to local environment changes for 

example thermal induced diamond lattice strain, which can distort the symmetry of the color 

center and cause ODMR spectra shifts.46-47 Besides, the spin dynamics of NV center is responsive 

to magnetic field coming from external applied magnetics resources.20, 48 In addition, the spin 

resonance of NV centers could also be affected by electric field through electron-photon 

interactions. The optically detectable resonances of NV center, enable NDs to be employed as 

sensors to monitor the related biological activities within the corresponding magnetic, electric 

and strain fields. Some of the NDs-based biosensing researches are summarized in section 1.3.5.  

1.1.3. Surface oxidization of NDs 

The surface properties of NDs primarily determine its physicochemical properties. Indeed, a ND 

with 4.2 nm in diameter, is estimated in total ~6700 carbon atoms of which 16% are on the 

surface.49 The fabrication process of NDs and generation step of NV centers affect the NDs 
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surface chemistry and introduce impurities. For example, the irradiation step induces a phase 

transformation from sp3 of the crystal lattice to sp2 graphene resulting in an onion-like carbon 

structure on the surface of NDs.50 Moreover, the bead milling step introduces metal impurities to 

NDs since metal bead mixed with diamonds cannot be separated after milling. Cooling water or 

ice can also lead to the NDs surface carbon reaction with highly reactive hydroxyl species. Those 

steps lead to the complicity of the surface chemistry of NDs with randomly distributed carbonyl, 

carboxyl, ether, hydrogen, ester, hydroxyl and disordered or sp2 graphene carbon groups.51 

Among these surface groups, carboxyl group represents the most oxidized state of the surface 

carbon. For the reproducibility of the further reactions, it is significant for the initial control of 

the surface chemistry of NDs to be as homogeneous as possible.  

To overcome this issue, concentrated acid HNO3-H2SO4 treatment was first established by Ando 

et al.52 to improve the homogeneity of NDs surface chemistry by introducing oxygenated groups. 

In order to achieve maximum oxidation and generate a homogeneous layer of carboxyl groups on 

the diamond surface, several harsh oxidative acid mixtures are carried out and illustrated in Fig. 

253-59 to (1) dissolve the metal bead and remove metal impurities, (2) oxidize of the surface carbon 

to generate carboxylic acid groups for further chemical modification, (3) introduce negatively 

charged surface and (4) improve the phase purity of the carbonaceous material since the reactivity 

of disordered sp2 carbon or graphene layer towards oxidation are significantly higher than sp3 

carbon.51  

Air burn oxidation can also introduce oxygenated groups on NDs surface. The temperature should 

be controlled since at 425°C the sp2 carbon can be selectively etched with a high amount of 

carboxylate groups generation, while above 450°C sp3 carbon can also be oxidized which lead to 

the loss of the NDs. Based on this, the air oxidation has been applied to control the sp3/sp2 ratio 

on NDs surface,56 and reduce the size of the NDs to enhance the photoluminescence of NV 

centers.60 After air treatment, the existing surface groups are most likely carboxyl groups in 

addition to ketones and aldehydes, ethers and alcohols. After oxidization (both acid and air 

treatment), NDs samples exhibit hydrophilic character and can be dispersed in polar media with 

surface zeta potentials of -30 to -50 mV.51 The limitation for air oxidization is the presence of 
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metal impurities which are hard to be removed, and further purification such as washing with 

metal-chelating solutions is required. 

The NDs surface carbon can be further hydroxylated by reducing agents like LiAlH4
61 to generate 

homogenous OH groups, which can be used for sialylation61 or acylation62 reactions. Hydrogen 

gas at elevated temperatures can reduce the NDs for a hydrogenated surface.63 Those oxidized, 

reduced and functionalized surface carbon can be identified from FTIR spectra and solution NMR 

spectroscopy.23 

 

Figure 2 NDs surface acid treatment and chemistry modification.   

1.1.4. Surface modification to stabilize NDs 

The oxidization by acids generates carboxylic groups on the surface of NDs, which enhance their 

stability in aqueous dispersion. Nonetheless, it is still not sufficient to avoid the aggregation of 

NDs in more complicated ionic biological environments. In addition to the surface chemistry, 

surface physical properties of NDs can also lead to the aggregation tendency of NDs. The 

aggregation is determined by surface functional groups as well as other physicochemical 

properties of the surface such as potential, polarity, size and surface structure.64 In general, 

aggregates are formed through van der Waals interactions, which cannot be ignored especially 

when the particle size is ultra-small. Moreover, surface functional groups can form interparticle 

hydrogen bonds as well as other weak interactions, which adds to the complexity of the system.65  

Milling
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Surfactants, dendrimers, and polymers coating are widely applied to improve the stability of 

nanoparticles dispersion in ionic buffers.(Fig. 3a (1-3)) Many of the gold or silver nanoparticles 

have been synthesized by reducing ion to metal in the surfactant solution, with the surfactant 

forming a corona around the nanoparticles and adding counter-ions for stabilization.66 Dendrimers 

are also an valid option to stabilize the synthesized metal nanoparticle in their cavities.67 Linear 

or branched polymers can graft on the surface of nanoparticles by absorption or in-situ ATRP 

(atom transfer radical polymerization).68 These polymers can form a shell with different structures 

such as tail, loop, train or mushroom, depending on the size of nanoparticles and the chain length 

of polymers. Different polymer structures lead to the altered thickness of the adsorbed surface 

layer, which in return influences the effectiveness of the stability enhancement of nanoparticles 

in colloidal dispersions.66  

 

NDs have been covalently conjugated with linear polymer polyethylene glycol (PEG, MW 5K), 

and the stability of the formed ND-PEG dispersion was remarkably improved in PBS buffer, 

although the achieved maximum concentration was not very high(∼0.04 mg/mL).69 Since the 

train

tail
loop

=

=

(a)

(b)

(1)                         (2)                             (3)                                (4)

(5)                                              (6)                                             (7) 

=

=

Figure 3 (a) Nanoparticles coated by (1) surfactant, (2) dendrimer, (3) polymer, (4) native protein; (b) Nanodiamond 
modified by (1) linear polymer PEG, (2) hyperbranched polymer PG, and (3) coated by native protein. 
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colloidal stability is affected by the numbers or the length of the PEG chains on the ND surface, 

further optimizations are required. To increase the solubility, Komatsu et al. have performed 

covalent conjugation of NDs with hyperbranched PG (polyglycerol) through ring-opening 

polymerization of glycidol.23 The hyperbranched polymer coated NDs exhibited excellent 

colloidal stability, with around 7 nm thickness of the coating layer, and dispersed into single 

nanoparticle with a high concentration in PBS buffer (more than 15 mg/mL). The enhanced 

colloidal stability of NDs coated with the hyperbranched polymer, is attributed to the much more 

densely covered surface in comparison to NDs coated with linear chains. Also, these hydroxyl 

groups from PG are more hydrophilic than ether groups from linear PEG, which contribute to the 

dispersity of the coated NDs in physiological buffers (Fig. 3b (5-6)).   

In addition to synthetic polymer, serum albumin is an excellent natural stabilizing agent which 

has a low internal stability of its original 3D molecule structure referred as "soft" protein.70-71 

There has been a systematic study of bovine serum albumin (BSA) adsorbed onto the surface of 

stainless steel nanoparticles (Fig. 3a (4)).72 The adsorption was through electrostatic absorption 

between the protein and the nanoparticles with the absorption actively at acidic pHs but slightly 

at alkaline pHs. Interestingly, further desorption experiment performed by rinsing the BSA coated 

nanoparticles with strong alkaline buffer showed very limited removability of the attached BSA. 

That was attributed to the probable conformational change of the protein which increased the 

contact points between the protein and the surfaces, leading to firm binding of BSA based on 

synergetic contributions from several segments. Due to the strong binding, BSA has been applied 

to coat an array of nanoparticles by forming a surface peptide shell to stabilize these coated 

nanoparticles in biological buffer.73-74 NDs have also been coated with BSA to form core-shell 

structured ND-BSA nano-complex,18 which can resist agglomeration and exhibit excellent 

stability with single nanoparticle dispersity in a concentrated ionic buffer and cellular 

environment (Fig. 3b (7)). While the adsorption process is affected by various factors, such as 

NDs substrate surface, protein size, and charge. Further studies are necessary, such as albumin 

absorption amount, protein conformation changing rate, protein dissociation rate, as well as buffer 

pH and concentration, which might affect the coated NDs in biological environment performance. 
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Nonetheless, the surface coating by native protein is a relatively convenient but effective approach 

to improve the colloidal stability of NDs.  

1.1.5. Size fractionation 

In biomedicinal applications, nanomaterials with uniform sizes and morphology are desired. 

Because activities of nanoparticles in biosystems, for example, their interactions with bio- and 

macromolecules, cell uptake and blood circulation, are influenced by the size of nanoparticles.75-

77 Therefore the size distribution, besides colloidal stability, is another challenge for utilization of 

NDs in biological applications. The heterogenous particle morphology might influence its 

interactions with biopolymers or protein molecules, as well as with the biological environment. 

During the production of nanoscale diamonds from micro diamonds, the transformation is through 

high energy metal ball, salt or sugar assisted milling,78 leading to crystal dislocation of the 

diamond. According to the x-ray diffraction (XRD) pattern performed on NDs, the crystal (111), 

(220) and (311), the same planes as present in bulk diamond.37 The obtained NDs exhibit multi-

facets surface morphology, as well as size and structure distribution after the milling process. 

Because of that, NDs with the uniformed size distribution are hard to be obtained synthetically, 

and post-synthetic size-sorting techniques are needed to be developed to improve the size 

dispersity of NDs. 

For separation of NDs into fractions with more uniformed size distribution, or removing NDs 

with undesired size, ultracentrifugation(UC) methods have been applied. Two different methods 

of UC have been used for this purpose: density gradient ultracentrifugation (DGU) and analytical 

ultracentrifugation (AUC). DGU is reported to separated NDs (<10 nm) in gram scale.79 The non-

linear non-pelleting DGU method was used to fractionate graphene and carbon nanotube with 

great success and excellent resolution.80-81 By using this technique, NDs were layered on the top 

of a pre-treated sucrose solution with a density gradient. After ultracentrifugation, each fraction 

reached a different position inside the gradient due to the individual sedimentation coefficient as 

showed in Fig. 4a. Subsequently, NDs with different size distribution can be isolated from the 

gradient by slow suction with a syringe. This non-pellet technique has high repeatable processing 
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capacity and yield, which allows the gram-scale size fractionation and further improvement of 

the resolution of the size separation.  

The size distribution of the NDs above 10 nm can also be improved by a pelleting method with 

the optimization of analytical ultracentrifugation (AUC). The AUC provides a detailed analysis 

of sedimentation coefficient for each NDs fractions in colloidal suspension with high resolution.82 

The sedimentation coefficient, particle size, particle shape, as well as pelleting parameters (such 

as rotor angular velocity and centrifugation time) are interdependent and can be calculated using 

the Svedberg equation.83 Ultimately, through the calculated pelleting parameters, NDs within the 

desired size range could be. step by step, separated by ultracentrifugation (Fig. 4b).  

  

Figure 4 (a) Density gradient ultracentrifugation for NDs fractionation, and (b) analytical ultracentrifugation for NDs 
fractionation. 

  

(a)

(b)
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1.2. Functionalization of NDs  

1.2.1. Functionalization with native proteins  

Particularly in the design of NDs-derived biomaterials, the colloidal stability should be 

emphasized. Serum albumin could be incorporated with NDs directly by surface absorption to 

improve the colloidal stability, which provides a convenient approach to functionalize NDs. The 

serum albumins are major soluble protein constituents of the blood plasma but can be found as 

well in tissue and bodily secretions. They contribute significantly to colloid osmotic pressure and 

have many physiological functions. They are implicated in the facilitated transfer of many 

endogenous and exogenous ligands across organ-circulatory interfaces such as at the liver, 

intestine, kidney and brain surface, and evidence suggests the existence of an albumin cell surface 

receptor.84 These ligands comprise many chemically and biologically diverse molecules, 

including amino acids, fatty acids, steroids, metals like copper, calcium, zinc, as well as numerous 

pharmaceuticals.85 The ND-BSA complex has been applied for bioimaging and single ND 

tracking in living cells. This native protein coated NDs have also been applied for in vivo 

bioimaging and bio-distribution study. More instances of the NDs in bioimaging are summarized 

in section 1.3.3. The native protein coating provides a flexible shell on the surface of NDs to resist 

agglomeration and enable the ND-BSA participation in biological activities. Moreover, the 

adsorbed protein introduces additional advantages like characterization convenience, techniques 

like gel electrophoresis that are extensively applied in life science could be utilized to study the 

colloidal stability, surface charge, and size distribution of coated NDs based on the protein 

mobility in the electric field.86 Functional protein like antibody, toxin, can also be packed to NDs 

surface for delivery and disease treatment, although further identifications like deformation rates 

and retained bioactivities for these functional proteins are required. 

Another advantage for serum albumin coated NDs is the potential to prevent the coated ND from 

protein corona formation, which is a major challenge in realizing the full potential of functional 

nanomaterials as sensors and diagnostics for biomedical applications. Additional to the dispersion 

of a nanomaterial in biological media, the conservation of the desired functionality such as cell 
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targeting ability is of considerable importance. To complete that, the nanomaterial must be 

shielded from potentially incapacitating conditions in biological environments such as high salt 

concentration, extreme pH, and non-specific adsorption of biological macromolecules for the 

seemingly inevitable “protein corona” (Fig. 5a).87 The native plasma protein might prevent the 

coated nanoparticles from the protein corona problems by controlling of their interaction with 

biological fluids. For example, quantum dots (QDs) have been coated with a silica shell and 

following the surface chemistry of the coated QDs was adjusted to yield a mixed charge surface, 

which displays remarkable binding resistance to a wide range of serum proteins and nucleic 

acids.88 This “non-sticky” nanomaterial was then conjugated with cell targeting peptide and 

exhibited excellent cell targeted efficiency. The native protein on the surface of NDs has the 

potential to prevent the nanomaterial from protein corona formation in physiological fluids since 

it is saturated with plasma proteins. 

Besides the serum albumin coated NDs for preventing of agglomeration, proteins with specific 

functions could also be incorporated to NDs. Ferritins as magnetic protein have been directly 

attached to NDs by surface absorption to form ND-Ferritin hybrid complex, which has the 

potential to be utilized for the determination of ferritin concentrations (Fig. 5b).20 As a member 

of iron storage proteins, ferritins are found in many types of animals. The ferritin concentration 

in blood serum reflects the body iron storage amount, and its alteration plays a significant role in 

many diseases like anemias, hepatic-related illnesses, and neuro degeneration.89-92 The ferritin 

molecule contains an antiferromagnetic iron-oxyhydroxide core with uniaxial anisotropy and a 

magnetic moment of about 300 μB.93 The closely attached ferritin molecules with paramagnetic 

iron as magnetic noise inducer, were found to significantly affect the electron spin of the near-

field coupled NV center. The theoretical model was also provided with a considerable agreement 

to the experimental data and narrowing down the detection limit to single ferritin molecule. This 

hybrid ND-Ferritin nano complex for magnetic proteins detection established a novel method to 

utilize single NV center as a nanoscopic magnetic field sensor for diagnosis of ferritin related 

disease. 
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Figure 5 Nanodiamond functionalized by (a) native serum albumin to form ND-Albumin hybrid, (b) ND-ferritin 
hybrid, and (c) ND-Au hybrid formation by AFM tip pushing. 

 

1.2.2. NDs-based hybrid systems 

Due to the surface absorbance of NDs, additional functionalities can be introduced to the surface 

of NDs by direct absorption. Especially for the topic of biosensing, the adsorbed functionalities 

can be coupled very closely to the NV centers within nanometers (depending on the depth of NV 

centers). As introduced in section 1.1.3, the spin resonance of NV centers in NDs can be affected 

by the near-field arrangement of electric, magnetic, and strain sources. These influences can be 

translated into an optical readout with atomic resolution. It would be fascinating to assemble NDs 

with those functionalities in short distances (< 10 nm) which have specific magnetic, electric 

properties or can generate strains to the near-field coupled NDs. Subsequently, optical detection 

of NV centers coupled to these functionalities in NDs-based hybrids can provide detailed 

information with atomic resolution for biosensing. Magnetic functionalities such as ferritins 

mentioned above, have been attached to NDs for investigation of their interactions with NV 

centers, and these ND-ferritin hybrids have the potential to be applied for ferritin determination 

in biological systems.  

Besides the magnetic functionalities, Au nanoparticles with specific electric property(i.e., 

plasmonic surface), is another candidate to be introduced to NDs for near-field coupling study. 

NDs and Au nanoparticles have been assembled by a home-built scanning near-field optical 

microscope which was based on an atomic force microscope (AFM) with an optically accessible 

tip (Fig. 5c).94 A single ND was attached to the tip, therefore can be pushed towards the Au 

V
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nanoparticles. Au nanoparticle with its surface plasmonic resonance, can generate an electric field 

and act as optical nano-antennas for localized photons.95 Photons could be concentrated in the 

near field of Au nanoparticles to contribute to the enhancement of the coupled NV emitter. 

Plasmonic-photon enhancement has been observed for the NDs coupled to Au nanoparticles, and 

this work provides ND-Au hybrids as an important building block for advanced plasmonic 

devices. While the coupling of ND and Au nanoparticles was through AFM manipulation in single 

nanoparticle level, further assembly methods are needed to be established for scaling up of stable 

ND-Au hybrids which could be applied in bio-systems. 

In addition to the photon enhancement, Au nanoparticles are also a photon-heat converter, which 

could transfer the applied laser to heat for photothermal therapy.96 On the other hand, NDs have 

been designed as a nanoscale thermometry by sensing of the heat-induced lattice strain. The 

electronic spin of NV center constitutes with a triplet ground-states (ms = 0 and ms = ±1), which 

could be coherently manipulated using microwave pulses and efficiently initialized and optically 

detected. While without the external magnetic field, thermally induced lattice strain could 

introduce temperature dependent vibration of the precise value for transition frequency between 

the triplet ground states.97 This transition frequency could be precisely measured via optical 

approaches, which is the operational principle for the NV center based thermometry. It would be 

highly attractive to prepare NDs-Au hybrids by applying Au nanoparticles as heat-generator and 

exploring NDs as a nano-thermometer for self-detected photothermal therapy. 

1.2.3. Functionalization with polymers 

For applying NDs in biosystem to exploit their excellent optical and spin resonance functions, 

improved colloidal stability could be obtained by native protein coating to generate a protein shell 

on the surface to resist aggregation. Although the native protein coating is effective and 

convenient, the bio and chemical functions of the native protein on the NDs surface have been 

less explored. Protein molecules are composed of a polypeptide backbone with multiple chemical 

active groups (e.g., Lys-NH2, Asp-CO2H, and Glu-CO2H, Cys-CH2SH, Ser/Thr-OH, Tyr-

C6H4OH, Arg-NHC(NH2)NH),98 which could be chemically modified and covalently conjugated 
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with new functional molecules. More importantly, the polypeptide backbone of protein provides 

a natural platform for semi-synthetic polymer preparation. By starting with proteins as polymeric 

backbones, and following modifying of their side chains by chemical methods, polymers with 

functionalized side chains are possible. For instance, proteins with different molecular mass and 

numbers of lysine groups (ubiquitin, bovine carbonic anhydrase, and lysozyme) have been 

acetylated to generate linear polyamides with well-defined chain lengths, presenting 

nonbiological functional groups attached at known points on their backbones.99  

Since serum albumin could be easily attached to the surface of NDs for enhanced colloidal 

stability, the albumin protein-derived polymers with functionalities are highly interesting for NDs 

coating. One of these serum albumins is the human serum albumin (HSA), which has excellent 

biocompatibility, commercially availability, abundant chemical groups from its amino acid 

residues, and defined sequence. The HSA molecule is composed of 585 amino acids with 17 

disulfide bridges, one free thiol (cys34), and a single tryptophan (Trp 214). Those disulfides are 

positioned in a repeating series of nine loop-link-loop structures centered around eight sequential 

Cys-Cys pair. In our research group, HSA has been extensively studied for semisynthetic 

polymers in biomedical applications. HSA serves as high molecular weight scaffold providing a 

versatile and distinct monomer sequence that allows modifications to generate a brush structured 

polymer platform (Fig. 6).100-102 Firstly native HSA has been cationized by converting the 

negatively charged residues (glutamic acid and aspartic acid) into positively charged amine 

groups using ethylene diamine yielding the cationized HSA (cHSA) derivative. Polycationized 

biomaterials exhibit an improved cell uptake efficiency,103-104 as well as the unique advantage of 

“proton sponge”.105 This mechanism induces endosomal membrane-disruption for drug molecules 

escaping from endosomes and further drug release into the cytosol. Moreover, the newly 

introduced positive charges could potentially contribute to the further coating of NDs by 

electrostatic adsorption the protein polymer. Subsequently, the cHSA was PEGylated by grafting 

several NHS-PEO (polyethylene glycol) chains onto its amine groups to generate a brush polymer 

with cHSA backbone and PEO side chains(cHSA-PEO). PEGylation represents a well-elaborated, 

FDA-approved strategy to (1) minimize the immunogenicity of therapeutics and (2) prolong their 
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blood circulation time.106-108 Besides, it is an important feature in the protein-polymer conjugate 

because it (3) prevents uncontrolled aggregation and precipitation of the unfolded protein, and (4) 

preserves the 3D architecture of the protein brush polymer, which is potentially helpful for the 

improvement of colloidal stability of the further coated nanoparticles. The cationized, PEGylated 

protein converted into polyamide copolymers showed excellent biocompatibility, molecular 

monodispersity and high loading capacity on its peptide backbone. It could be used for covalent 

conjugation of various functionalities such as drugs,109 cell targeting groups, and contrast agents 

for multifunctional bio-applications.110  

 

There are some reports about utilizing biocompatible polymer for NDs coating and functionalities 

conjugation. For example, NDs have been coated with a copolymer which was grown from the 

nanoparticle surface by a grafting from strategy. Cyclic peptide RGD as cell targeting molecule 

was introduced to this core-shell structured ND-copolymer nano complex by conjugation with 

the copolymer shell.111 There are some limitations for this in-situ polymerization on the surface 

of NDs. For example, the introduction of additional functionalities to NDs by covalent 

Urea/TCEP/pH 7.4

(3) Denaturalization

(1) Cationization (2) PEGylation

Figure 6 Synthesis of HSA derived copolymer cHSA-PEO by cationization, PEGylation and denaturization. 
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conjugation during-polymerization process is complicated with NDs presenting in each step, 

since the reaction rates and purification process of nanoparticles are different from small 

molecules. In contrast, the strategy for coating NDs with an established polymer which has 

already had functionalities conjugating can be regarded as pre-coating polymerization and 

functionalization can avoid these problems mentioned above. 

The HSA-derived copolymer cHSA-PEO has been applied to coat quantum dots (QDs), and this 

work could be used as a reference for further NDs coating. The copolymer has been grafted with 

thioctic acid to encapsulate photoluminescent QDs, and a core-shell structured QD-copolymer 

nano-complex was obtained with efficient cellular uptake, high intracellular stability, and low 

cytotoxicity for gene delivery.112 The coated QDs are highly photoresponsive by reducing 

photoluminescence efficiency in the presence of plasmid DNA, which was attributed to the 

electron transfer between semi-conductive QDs and the nucleotide bases.113 Based on the DNA 

induced partially quenching of QDs, the processes of packing, cellular delivery, and release of 

plasmid DNA by the copolymer coated QDs are monitored by fluorescence correlation 

spectroscopy(FCS). FCS is a sensitive analytical tool to study the dynamic behavior of fluorescent 

species by recording its fluctuation in diffusion through the stationary observation of tiny volume. 

Using the obtained fluorescence fluctuation evaluated in the form of autocorrelation curve, from 

which the quantitative information like hydrodynamic radii, diffusion coefficients, average 

concentrations can be calculated.114 The copolymer coated QDs have been proved as an effective 

tool for gene delivery with optimal gene transfection efficiency through FCS monitoring. More 

importantly, this combination of protein derived copolymers with photo-luminescent 

nanoparticles, is a novel approach inspiring us to employ the protein derived functional copolymer 

for NDs coating. 

1.2.4. Functionalized polymers 

The HSA derived, highly cationized, and PEGylated copolymer brush cHSA-PEO with excellent 

biocompatibility, biodegradability, high cell uptake efficiency has been used in many biomedical 

applications. The positively charged copolymer brushes could be directly attached with viruses 
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for gene delivery or attached to ssDNA linker and applied as monomers for hydrogel 

formation.115-116 Additionally, the copolymer as a protein carrier scaffold has been decorated with 

a series of bioactive functionalities, including chemotherapeutic drug, photodynamic therapeutics, 

subcellular organelle targeting molecules and MRI (magnetic resonance imaging) enhancement 

agents by covalent conjugation to the native polyamide backbone or through denaturing-back 

folding strategy ( Fig. 7).109, 117-118  

 

Figure 7 Functionalities of (1) virus, (2) DNA, (3) Gadolinium-complex, (4) TPP, (5) Ruthenium-complex, and (6) 
Doxorubicin conjugated copolymer brush. 

 

The HSA-derived copolymer brush cHSA-PEO has been applied as enhancers of retroviral 

vectors to introduce genes into cells due to its improved cell uptake efficiency and high virus 

loading capacity.115 To increase the retroviral transduction efficiency, screening a panel of 

different cHSA-PEO copolymers was performed by systematically manipulate the cationization 

and PEGylation, as well as the length of PEG chains to obtain the copolymer with highest gene 

(1)

(2)
(3) (4)

(5)
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transduction enhancement. The copolymer cHSA-PEO has also been conjugated with single 

strand DNA for 3D hydrogel construction.116 Amino groups on the backbone of cHSA-PEO were 

partially converted to azido groups and conjugated to alkyne groups terminated ssDNA via 

Huisgen cycloaddition. Thereafter, gelation was achieved by crosslinking the ssDNA conjugated 

copolymer with Y-shape linker DNA in physiological buffer. The formed hydrogel has been 

applied as extracellular matrices for 3D cell culture. 

Also, amine groups from cationization and original lysine residues provide cHSA-PEO a 

backbone with abundant functional sites, which could be utilized to introduce various 

functionalities through NHS-based conjugation. For example, Gadolinium (Gd3+)-DOTA 

complexes have been conjugated to amine groups of the cationized cHSA-PEO to generate a 

functionalized compound named cHSA-PEO-Gd, which has been applied as contrast 

enhancement agent for in vivo magnetic resonance imaging (MRI).118 Another functionality for 

the HSA copolymer backbone conjugating is the ruthenium-complex (tris-

(bipyridine)ruthenium(II) (Ru(bpy)3
2+)) as photosensitizer for singlet oxygen(1O2) generator.119 

The 1O2 has been envisioned as promising and highly effective cytotoxic agent in photodynamic 

therapeutic (PDT) research. The 1O2 could be generated by light irradiation when energy transfer 

occurs between the triplet excited state of the photosensitizers and the ground state of molecular 

oxygen.120 In addition to that, Triphenylphosphonium (TPP) conjugated material has been applied 

to targeted deliver imaging and therapeutic agents to mitochondria,121 based on its lipophilic 

cation which selectively accumulates within mitochondria.122 Ruthenium complex together with 

NHS activated TPP ester, have been covalently bound to cHSA-PEO to create an efficient nano 

transporter for targeted delivery of phototoxic drug to mitochondria.117 The copolymer decorated 

with bi-functionalities was named cHSA-PEO-TPP-Ru and exhibited high 1O2 quantum yields 

and significantly improved photophysical properties in comparison to bare Ru complexes as well 

as excellent mitochondria-specific colocalization.  

Furthermore, the copolymer cHSA-PEO backbone presents a denaturing-refolding platform123 to 

encapsulate functionalities. A prodrug (EMCH-DOX), DOX with a (6-

Maleimidocaproy1)hydrazone linker, was synthesized by pre-conjugation of chemotherapeutic 
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agents doxorubicin with a bifunctional linker,124 which contains a maleimide group reacting with 

the cysteine residues on HSA and an acid-cleavable hydrazone linker allowing DOX release 

inside acidic cell compartments. The prodrug EMCH-DOX was conjugated to the cysteine groups 

of the denatured copolymer. After back folding, a micelle was formed and could encapsulate 

drugs resulting in a compound named dcHSA-PEO-DOX.109 The drug-loaded copolymer exhibits 

a two-step drug release mechanism by enzyme triggered peptide backbone degradation, and acid 

triggered hydrazone hydrolysis. Very high cytotoxicity has been found in vitro with several cancer 

cell lines, with the efficacy of this delivery system confirmed by ex vivo transplantation assays 

demonstrating dcHSA-PEO-DOX significantly impairs the engraftment potential of highly 

aggressive acute myeloid leukemia (AML) cell lines after 72 h incubation.  

These functionalized copolymers possess many advantages including excellent biocompatibility, 

high structural definition and narrow size distribution inherited from the monodisperse serum 

albumin backbone, as well as fast cellular uptake, which gives it the potential to achieve a versatile 

nanocarrier platform for transportation of chemotherapeutics. Based on the excellent 

biocompatibility, high loading capacity, and denaturing-back folding character, the HSA derived 

copolymer cHSA-PEO was decorated with multiple functionalities and exhibited the designated 

bioactivity with high efficacy. The cHSA-PEO copolymers incorporated with functionalities have 

the further potential to be coupled with NDs, to improve its colloidal stability and introduce 

multiple functions for biomedicinal diagnosis and therapy. 

1.2.5. Functionalization with DNA  

Apart from native proteins and protein-derived functional polymers, single-strand DNA (ssDNA) 

is another natural polymer with defined molecular structure and bioactivity that can be introduced 

onto the surface of NDs.125 The ssDNA as a directional, linear polyanion is composed of four 

major components: phosphate-sugar backbone, nucleobase side chains, an upstream 5’-phosphate 

terminus, and a downstream 3’-OH terminus. The four parts inherently control the chemical 

diversity by conjugation with linker groups and encode the orientation of a DNA molecule. 

Advances in solid phase chemical synthesis of ssDNA have enabled the facile synthesis of 
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customized oligodeoxynucleotides (ODNs) and have spurred the use of DNA as materials in 

nanobiotechnology. Also, the phosphate groups, the four bases and the 5’- and 3’-end could be 

chemically modified. Especially, the two termini could attach functionalities that allow for the 

fluorescent labeling or quenching, surface anchoring, conjugation of ssDNA with synthetic 

polymers, antibodies, proteins, peptides, lipids, and the surface of nanoparticles. Double-stranded 

DNA (dsDNA) is generated by hydrogen bond formation and π–π stacking interaction between 

the bases-adenine and thymine(A-T), cytosine and guanine (C-G) from two complementary 

ssDNA strands. The helix formation is a reversible process, and the dsDNA is stable over a wide 

range of conditions while being thermally dissociated by heating above a critical melting 

temperature (Tm) and re-associate upon cooling below their Tm. The formation of a dsDNA helix 

is also directional, wherein the 5’-end of one DNA strand aligns with the 3’-end of another strand. 

This directional hybridization is often exploited to control reactions and incorporate of 

functionalities at interfaces.  

 

Figure 8 ssDNA grafted nanoparticles (a) Au nanoparticles with spherical nucleic acid (SNAs) through thiol anchors, 
(b) design of ND-ssDNA by coating with ssDNA conjugated polymer, (c) Nanoflares for mRNA targeting and signaling. 

targeted sequence

fluoresence quenched by Au nanoparticles ssDNA released with recoved fluoresence
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Up to date, there was no report regarding the modification of NDs with ssDNA due to the low 

colloidal stability in ionic buffer which induces aggregation tendency for NDs and brings 

obstacles for their surface modification. In comparison, ssDNA has been arranged on interfaces 

of Au nanoparticles as a linker allowing for immobilization of functional moieties to generate 

hybrid materials with unique properties for desired applications including siRNA delivery, 

biosensing, and cell targeting (Fig. 8a).126-127 Those works can be highlighted as references for the 

further work of modification and application for the ssDNA conjugated NDs. In 1996, C. Mirkin 

et al. have developed the gold nanoparticle-thiolated oligonucleotide conjugates.128 In 2012, the 

same group reported gold nanoparticles with a dense binding of oriented nucleic acid. These 

hybrids were called spherical nucleic acid (SNAs).129 The SNAs possess properties, which can be 

exploited for intracellular biomedical applications such as high binding coefficients for 

complementary DNA and RNA, resistance to nuclease degradation, excellent biocompatibility, 

and highly effective gene regulating capabilities. The SNAs have been designed for a range of 

biomedicinal applications such as NanoFlares(Fig. 8c),130-131 which has been applied for detecting 

intracellular targets by binding the recognition sequence and providing a fluorescent readout 

through the releasing of the pre-hybridized and quenched shorter complement DNA containing a 

fluorescent reporter. Another usage of SNAs is the Scanometric assay,132-136 which is an emerging 

enzyme-free, PCR-free and ultrasensitive diagnostic tools for biomolecule detection. This assay 

slides modified with surface DNA can capture and bind the targeted molecules like single miRNA 

molecule and the SNAs together to the macro slides by sequence recognition and hybridization, 

to generate a three-component assay format. Amplified signal can be detected by deposition Ag 

to the miRNA banded SNAs. SNAs have also been applied for gene regulation137-142 and 

immunomodulation,143 with efficient entry into cells by caveolin-mediated endocytosis through 

scavenger receptors,144-145 and resistance to degradation by nucleases because of the tightly-

packed antisense oligonucleotides to make them cannot be recognized due to steric reasons. Based 

on the excellent optical and spin properties of NDs, it is highly interesting to modify NDs with 

DNA chains and utilize these ND-DNA complexes for bioimaging and biosensing, for example, 

the detection of targeted DNA.146 While due to the aggregation tendency, it would be challenging 

to direct modify NDs with ssDNA. The design of ND-ssDNA by surface coating with ssDNA 
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conjugated polymer would be more convenient (Fig. 8b). To achieve that, we have established a 

polymer with ssDNA grafting, and this part of work will be described in section 3.3. 

Besides the utilization of ssDNA for modification of NDs, DNA-based nanostructuring (i.e., 2D 

or 3D DNA origami) provides a bottom-up platform to precisely arrange and assemble 

nanoparticles to study their distance-dependent optical, magnetic and electronic interactions.147 

Usually nanoparticles are modified with ssDNA and positioned on the DNA origami through 

hybridization to an complementary DNA with sticky end extended from DNA origami. Since it 

is not convenient to direct conjugate NDs with ssDNA, homo ND nanoparticles have only been 

coupled through modification with biotinylated polymer and bound to streptavidin as a linker 

which was conjugated to DNA origami with another biotin molecule in the extended sticky end.148 

To further investigate the near-field coupling interaction between NV centers with hetero 

nanoparticles which have specific magnetic, electronic or thermionic properties, it would be better 

to position and couple NDs with hetero nanoparticles on the DNA origami through DNA 

hybridization, since the sequential recognition is more selective than molecule recognition. To 

accomplish that, the establishment of ssDNA conjugated NDs is necessary. 
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1.3. Bio-medical applications of NDs 

1.3.1. Biocompatibility  

For NDs applications in life science, biocompatibility is one of the fundamental requirements. A 

series of studies have shown that NDs can be internalized quickly into Hela cells, while no 

significant uptake-rates dependent toxicities to the cells are observed. The biocompatibility of 

NDs is better than other carbon-based nanomaterials such as carbon nanotubes and graphene 

oxide.21 The inert carbon composition of NDs does not induce significant cytotoxicity in a variety 

of cell types including lung,149 neuronal,150 renal,26 and cervical59, 151 cells. NDs with the oxidized 

and anionic surface formed aggregates in PBS buffer were taken up through micropinocytosis 

and clathrin-mediated endocytosis pathways by Hela cells. After cell division, those NDs were 

found in equal amounts in both two daughter cells, clustered NDs in the cytoplasm were observed 

in subculture generations.152 No significant long-term exocytosis was detected of the endocytosed 

NDs. The influences of ND treatment for cell division and differentiation have also been tracked, 

and no decrease in proliferation in long-term cell culture for several different cell lines was 

observed, and the NDs were also found not to interfere with the gene or protein expressions. There 

is no systematic investigation on the endocytosis process, cellular translocation and exocytosis 

rate of NDs. Comparatively, for Au nanoparticles with similar size to NDs, their surface 

properties function as the main influence with different surface charges(cationic, anionic, 

zwitterionic) and surface coating (serum albumin coating or PEGylation) showing different 

endocytosis process and exocytosis rates.153 Further researches for surface modification are 

needed to study the controlled bio entries, distribution, and elimination of NDs. Potential 

influences on cellular activities by treatment with NDs have been investigated. Low concentration 

of NDs (10 µg/mL) were found not induce hepatocyte cell death but cause an imbalance of 

intracellular redox equilibrium, which was considered as a part of an adaptive response.154 ND 

with surface modification showed size and concentration-dependent influences on macrophage 

response.155 Ultra-small detonation ND was found to cause slight DNA damage in embryonic 

stem cells.156 In vivo studies in Caenorhabditis elegans157, zebra fish158 and mice159-160 revealed 

promising biocompatibility lacking any liver toxicity or systemic inflammation but accumulation 



 Introduction 

31 
 

in organs by less excretion rate. As a result, NDs are considered as a relative safe nanomaterial 

for biomedical research based on its minimized cytotoxicity and biocompatibility, while side 

effects caused by ND with differences in size and surface modification still require further 

optimization.  

1.3.2. Drug delivery   

Drug delivery nano-transporters aim to improve therapeutic efficiency by locally concentrating 

therapeutic agents in unhealthy cells or tissue therefore reducing side effects. Considering that, 

strategies include targeted delivery, controlled drug release, and imaging directed therapy are 

needed which can be accomplished by the smart design of drug incorporation. Therapeutics can 

be loaded on the surface of nanoparticles through covalent bonds and/or physical adsorption. They 

can also be encapsulated in the core of nanoparticles which are formed via self-assembly of 

polymers. Considering these requirements, NDs with functional groups and robust physical 

properties on the surface can be a flexible platform for incorporating of those therapeutics.  

Ho et al. have utilized NDs to adsorb doxorubicin (an apoptosis-inducing drug widely used in 

chemotherapy) to form ND-DOX hybrids for drug delivery.161 The loading of DOX onto the ND 

occurred via physical adsorption. The reversible desorption of DOX was achieved by regulating 

Cl- ion concentration and the potential of switchable drug elution mediated at the ND surface 

elucidated. The ND-DOX was found to have an around seven times longer drug release than the 

pure drug of DOX. This prolonged drug release indicates that ND-DOX has a significant 

slow/sustained release effect and could inhibit drug efflux. Except for the surface mediate high-

affinity therapeutic binding/sustained release, the ND-DOX material could also be prepared in 

large quantities and further applied for the chemotherapeutic efficiency studies in vivo. There is 

a 10-fold increase in blood circulation half-life with ND-DOX reported in comparison to DOX, 

which is consistent with the in vitro result. The ND-DOX complex was found to induce 

significantly increased apoptosis and tumor growth inhibition in both murine liver tumor and 

mammary carcinoma models, which is higher than for results of conventional DOX treatment. 

With regards to biosafety, the ND-DOX had significantly decreased toxicity in vivo compared to 
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standard DOX treatment. Thus ND-drug conjugates for chemotherapy represents a promising, 

biocompatible strategy for overcoming chemoresistance and enhancing chemotherapy efficacy. 

Unfortunately, there are still limitations for this method of directly absorption of drugs to form 

ND-DOX complexes, for example, the generated material remains clustered and lacking defined 

structure. Another limitation is the inhibited yet not eliminated drug efflux would bring side 

effects for normal cells during blood circulation. Therefore, more advanced ND-drug delivery 

complexes are desired with better performance and complete characterization, which could be 

applied for controlled drug release. 

Moreover, some anticancer drugs which display therapeutic activity have poor water-solubility, 

and therefore, their applications are limited. These therapeutics include Purvalanol A for 

hepatocarcinomatous (liver cancer) treatment, 4-hydroxytamoxifen (4-OHT) for breast cancer 

treatment, dexamethasone for anti-inflammatory. A platform based on NDs physically absorbed 

those therapeutics as NDs-drug hybrid complex was established to enhance their water dispersity 

with preserved functionality.162 This scalable NDs-hybrid processing serves as a versatile and 

significant route to translate water-insoluble compounds toward treatment-relevant scenarios. 

Additional to anticancer drugs, hormone insulin as protein model,163 which has been utilized for 

physiological disorders treatment like diabetes, has been adsorbed to NDs for nanomaterial-based 

vehicles to be explored for its delivery. Insulin was non-covalently bound to ND via efficient 

physical adsorption in an aqueous solution and demonstrated pH-dependent desorption in alkaline 

environments of sodium hydroxide. The insulin adsorbed with NDs exhibits inactive while 

preserved activity after desorption, indicates that NDs may serve as a proficient platform for 

insulin delivery and show promise for a wide range of treatments. 

The surface of NDs can be chemically converted into a variety of functional groups, including 

carboxyl, lactone, ketone, hydroxyl and alkyl groups.164 Therapeutic compounds can not only be 

loaded to NDs via non-covalent interactions but also can be introduced chemically through 

reacting with functional groups on the surface of NDs.165 Paclitaxel is a cancer chemotherapy 

drug, which can induce cell death through blocking microtubules and causing abnormal 

microtubule bundles formation to block the mitosis progression. Paclitaxel has been conjugated 



 Introduction 

33 
 

to the carboxylate ND by an ester linkage, which could be hydrolyzed by esterases. The covalent 

modification and conjugation process are monitored by FT-IR and 1H-NMR spectrum. The 

covalent linkage of NDs and drugs could help to avoid drug dissociation during the delivery 

process. However, the ND-paclitaxel complex still suffer from aggregation. For the therapeutic 

activities, the uptake ability of ND-paclitaxel reveals via a concentration-dependent manner in 

lung cancer cells. Treatment with ND-paclitaxel remarkably increased the abnormal mitotic cell 

number, proving the covalent bonding of ND-paclitaxel still preserves its anticancer activities and 

providing a new way for ND to introduce chemotherapeutic compounds for drug delivery. 

Besides the chemotherapeutics, negatively charged siRNA has been loaded on the surface of 

cationized NDs assisting by positively charged polymers, which could further able to bind 

siRNAs on their surface for efficient cell uptaken and gene inhabitation.166 siRNA are short 

double-stranded RNAs inducing gene-silencing activity by triggering a sequence-specific 

cleavage at the level of sequence recognition on target mRNA for interfering with mRNA in the 

cell cytoplasm. Despite their high in vitro efficiency, siRNAs are quickly degraded in 

physiological fluids and have a weak capacity as polyanions to enter cells. The in vivo efficiency, 

therefore, can be significantly improved by using cargo delivery systems. PEI(polyethyleneimine) 

and PAH(polyallylamine hydrochloride) are applied to form cationic NDs, and two ND-polymer 

complexes were compared for their capacity of siRNA binding, cell uptake efficiency, the mRNA 

silencing, and protein expression inhibition. The stronger adsorption affinity of siRNA onto PAH-

coated NDs than onto PEI-coated NDs results in a much slower dissociation of the siRNA, and 

hence a lower siRNA-associated biological activity. Moreover, ND–PEI carrier is less toxic than 

the ND–PAH ones. 

In summary, NDs could carry a series of therapeutics, including water-soluble or non-soluble 

chemotherapeutic drugs, bioactive proteins, and siRNA through direct surface absorption or 

covalent conjugation. These ND-drug complexes from different loading methods show excellent 

therapeutic activities. While several problems still exist for the direct drug absorbing approaches, 

for example, the lack of characterization for NDs-drug complexes as nanomaterials, challenges 
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for avoiding of drug efflux, missing of targeted drug delivery, as well as poorly controlling or 

monitoring of drug release. 

1.3.3. Bioimaging 

Optical imaging is an ideal non-invasive tool to visualize biological processes at molecular and 

cellular levels in real time. Notably, the in vivo optical imaging enables the practical study of 

molecular dynamics with spatial resolution yet without perturbing the biosystems externally. NDs 

with NV centers as fluorophores has drawn much attention as a biomarker for optical imaging. 

The NV color centers possess many unique optical features like extended far-red emission (600-

800 nm), short excited-state lifetime (∼10 ns), and relatively high quantum efficiency (φ ≈ 1).167 

In comparison with organic fluorophores and fluorescent proteins, for which the fluorescence 

imaging is limited by photobleaching induced time-lapse intensity, the fluorescence of NV centers 

is relatively photostable (no photobleaching or photoblinking). NDs have been under continuous 

excitation for more than 8 hours, and there was no sign of photobleaching founded.26 That has 

been explained by the stable chemical nature of NV center, which is revealed as an ion embedded 

in an inert solid matrix and hardly to be photobleached. Furthermore, in contrast to quantum dots 

or metal nanoparticles which tend to release toxic ion in biosystems, NDs are relative chemically 

and biologically inert and has been demonstrated to be biocompatible and nontoxic to cells.  

There is fruitful progress for NDs applied in optical bioimaging. Single ND inside Hela cell was 

tracked over a time interval of more than 200 s without a decrease inf intensity, and the 

internalized ND diffusion coefficient was determined to be 3.1 × 10-3 µm2 s-1, which is comparable 

with reported quantum dots.168 By using stimulated emission depletion(STED) microscopy, 

which could provide up to six-fold resolution improvement over confocal and achieve nanoscale 

precision, even single NV could be detected in living cells.18 The technique for single ND and 

even individual fluorescent center tracking holds great promise for revealing details of 

intracellular activities. Such an improvement is crucial for revealing the detailed structures of 

biological macromolecular complexes and assemblies, including cellular organelles and 
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subcellular compartments, which has opened new horizons for NDs applications in nanomedicine 

and nanobiology.  

There is also increasing progress for NDs in targeted cell imaging. Due to the NDs strong 

tendency to aggregate in biological liquids (such as buffers, media, and blood), core-shell hybrid 

ND nanoparticles have been developed for targeted bioimaging. For macromolecule binding 

group like transferrin,169 growth hormone,170 chlorotoxin-like peptide,171 they are adsorbed on the 

surface of NDs not only for cell recognition but also to form the polypeptide layer for the 

enhanced colloidal stability of the ND-complex. In addition to small targeting molecules, such as 

folic acid168 and cyclic peptide RGD,111 biocompatible polymers can also be used to introduce 

targeting groups to NDs and moreover to contribute to the stability of the colloidal shell. All 

targeting group incorporated, ND-based complexes showed excellent colloidal stability in buffers 

and culture media, as well as high internalization efficacy in vitro. 

Research about NDs in vivo imaging also undergoes fast progressing. Colloidal NDs solution has 

been introduced into Caenorhabditis elegans by either feeding or microinjection for imaging and 

cytotoxicity evaluation.157 Furthermore, the nano-bio interactions between NDs and the model 

organism, like body distribution, excretion and the delivery to the next embryos generation, were 

recorded by fluorescence imaging. Physiological indicators of longevity and reproductive 

potential of NDs introduced worms were performed as toxicity assessment, and the NDs do not 

cause any detectable stress to the worms. Another example for NDs was injected into rats, and 

the fluorescent images could still be observed several weeks after injection.159 The NDs were 

found to be drained from the injection sites by macrophages and selectively accumulated in the 

axillary lymph nodes of the treated mice, and there were no side effects observed in the treated 

animal activities like food consumption or health condition. With the properties of perfect 

chemical and photophysical stability and wide-ranging biocompatibility, NDs are well suited to 

be used as optical contrast agent for long-term tracking of the cellular and developmental 

processes of the living organism.    
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Although NDs provide several essential advantages in optical microscopy techniques, they have 

relatively low contrast in electron microscopy, which can represent a limitation. Transmission 

electron microscopy (TEM) discriminates objects based on the images formed by collimated 

electron beam transmitted through the specimen.172 Due to the small de Broglie wavelength of 

electrons, TEM provides an atomic resolution which is superior to photon-based methods. 

Because TEM relies fundamentally on transmission, the specimen is often a suspension on a grid 

or an ultrathin biological samples section(50-100 nm thickness). The latter has the shortcoming 

of long sample preparation times. Challenges notwithstanding, the biological TEM images can 

provide more detailed information regarding the subcellular distribution of the nanoparticles.173 

However, for the biological specimen with NDs, it is very challenging to differentiate low contrast 

NDs from the complex cellular background. In the past, only aggregates of NDs were 

discriminated, whereas in the case of single ND detection, defocusing of the images or additional 

electron diffraction had to be applied,174 which limited the observation of NDs in subcellular 

activities. In contrast, gold nanoparticles have been routinely imaged by TEM as biological 

probes.175-176 Therefore, it is highly desirable to establish NDs nanomaterials for enhanced 

contrast in TEM for example by labeling NDs with Au nanoparticles, to ultimately achieve single 

particle resolution in cellular environments. 

1.3.4. Theranostics 

Over the past decades, rapid progress has been achieved in the design of nanoparticle-based 

nanomedicine for cancer diagnosis and treatment. Nanoparticles provide many advantages over 

traditional medicine, including prolonged blood circulation life, active targeting of cancer cells 

as well as passive accumulation at tumor sites by the enhanced permeability and retention (EPR) 

effect, low toxicity, and the combination of multiple functions in a single complex.177 The 

development of nanomaterials also provides new strategies for combined diagnostics and 

therapeutics within a single nanoparticle, resulting in the category of “theranostic” agents, which 

are emerging as an alternative to independently administered diagnostic probes and traditional 

cancer therapy strategies.178-179 Among those nano-particles based theranostics, core-shell 

structured nanomedicine are good representatives.180-181 Those nano-theranostics are constructed 
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by imaging agents such as gold, or silver nanoparticles, encapsulated by chemotherapeutics 

conjugated polymer. By applying an imaging tool, the drug delivery and release process could be 

controlled and monitored, and the therapeutic efficacy could be evaluated. For example the NIR 

laser-heat conversion Au@SiO2 was coated by chemotherapy drug conjugated thermo-responsive 

polymer to form core-shell nanocomposite, for cancer diagnosis and controlled drug release.182 

Because the irradiation can be carried out very precisely, the core-shell nanocomposite then could 

simultaneously deliver heat and chemotherapeutics, in a laser-activation mechanism with facile 

control of the laser irradiation area, strength and time, as well as drug dosage.  

Fluorescent NDs with unique optical properties of NV centers allowing for long-term live cell 

imaging and tracking of cellular processes, receives increasing attention by biomedical 

researchers. Recent advances have highlighted NDs to be administrated as a diagnostic tool 

combining imaging with drug delivery for theranostics. Especially the core-shell structured 

nanocomposite could encapsulate NDs with therapeutics conjugated polymers which do not only 

incorporate additional therapeutics, and the same time the aggregation problem of NDs could be 

solved by the introduced hydrophilic polymer shell. A novel composite consisting of NDs as the 

photoluminescent core and porous silica as drug loading shell has been prepared and served as a 

nanomedicine to deliver the therapeutics and subsequent trace the nanoparticles.183 Dil is a plasma 

membrane non-permeable fluorescent dye which does not enter the cells but stains the plasma 

membrane. The Dil was chosen as hydrophobic cargo molecular to be introduced to the core-shell 

composite by absorption in the silica porous. PEI-PEO copolymer was conjugated to the silica 

surface to introduce a positive surface charge for enhanced cell-uptake. The generated core-shell 

composite provided high cargo loading efficiency, intracellular delivery capacity as well as 

fluorescence and reflectance mode and could even be used as super-resolution nanoscopy STED 

label, demonstrating an approach to exploit NDs in simultaneously imaging and delivery for 

future theranostics applications. 

1.3.5. Biosensing 
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It is of considerable importance for the present study that the NV centers have a paramagnetic 

electron ground state, making it accessible to optically detected magnetic resonance with a single 

NV.29 This technique endues great potential for NDs to be applied not only as bio-marker to track, 

but also for measuring and monitoring biological environmental varieties. In this section, recent 

progresses of several different applications are summarized for NDs in quantum sensing such as 

magnetic protein detection, MR imaging, near-field coupling and nanoscale thermometer. 

As mentioned in section 1.2.1, ferritin as a magnetic protein could significantly affect the electron 

spin resonance of the near-field coupled NV center, thus the NDs as magnetic field sensor, have 

the potential to be utilized for ferritin concentration determination.20 Besides the sensing of 

applied outer magnetic proteins, the electron spin resonance of NV center could also be affected 

by inner paramagnetic impurities. More importantly, the interaction between NV center and 

paramagnetic impurities could be further manipulated for hyperpolarization of NV centers. 

Randomly distributed multiple NV centers in each ND contribute to the complex of their spin 

resonance. Due to different local condition of each NV center, usually an average value for the 

spin resonance is observed. Spin resonance could be affected by the internal paramagnetic 

impurities buried in the carbon lattice of NDs and present in the vicinity of the NV centers like 

13C or 14N. Based on this principle, 13C impurities in NDs have been designed for rapid 

hyperpolarization of the entire nuclear-spin bath in a randomly oriented ensemble of NDs in room 

temperature. Hyperpolarization could be achieved by two steps: firstly by optical polarization of 

electron spins in NV centers, and secondly transferring this polarization to 13C nuclei by 

microwave.48 These hyperpolarized NDs with high sensitivity and a long nuclear-spin lifetime as 

well as biocompatibility have the potential to be utilized as alternatives of metal nanoparticles for 

MR imaging. 

NDs embedded with single photostable NV center as single quantum emitter have emerged as a 

probe candidate for near-field coupling study.184 Optical tracking of a single emitter in near-field 

coupling is of extensive interest in biosensing. Fluorescence resonance energy transfer (FRET) is 

a nonradiative dipole−dipole interaction between transition dipole moments of a donor and an 

acceptor within only a few nm distance, which is one of the representative short-ranged 
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interactions. FRET between a single NV emitter as donor and graphene as receptor was performed 

by a home-built scanning near-field optical microscope which was based on an atomic force 

microscope (AFM). The AFM has an optically accessible tip with a single ND attached to it.185 

The ND could be pushed by the tip towards the graphene sheet, simultaneously the fluorescence 

lifetime and intensity of the NV center could be measured, and the FRET efficiencies could then 

be quantified. It would be very fascinating to couple NDs with photon receptor/donor molecules 

or nanoparticles, by employing NDs as biosensor to study the related biological interactions such 

as electron transfer induced single-molecule FRET imaging.186-187 

DNA origami can site-specifically arrange molecules and nanoparticles in the nanoscale, which 

is another elegant technology for near-field coupling investigation. There are several publications 

which have reported precisely arranged Au nanoparticles and organic fluorophores on DNA 

origami in controlled distances for fluorophore quenching studies.147, 188 For NDs, two or more 

diamond nanoparticles have been precisely coupled with the help of DNA origami, while further 

coupling study is needed.148 Prior the conjugation between NDs and origami, the enhanced 

colloidal stability of NDs was accomplished by biotin-conjugated PEG-labeled biopolymer 

surface coating. Subsequently, neutravidin was applied to conjugate NDs with biotin-labeled 

oligonucleotides extending from the origami structures. Optical properties of the NV centers from 

the dimerized NDs were observed, while the near-field coupling of NDs with homo or hetero 

optically active components in complex geometries lacks further investigation. Based on the 

sensitive spin resonance of NV and nanoscale manipulation of DNA origami, precisely controlled 

and distance-dependent coupling of NDs could be envisioned to optimize the NVs derived 

quantum devices in near-field coupling and quantum sensing. 

Based on the sensitive resonance of NV center to the lattice strain induced by the heat, NDs have 

been designed as nanoscale thermometer to monitor the local temperature change. This nanoscale 

thermometer possesses advantages including high sensitivity, robust reaction to the local 

environment, wide range detective for biological and chemical temperature sensing.189 NDs 

thermometer and a laser-heated Au nanoparticle were combined by spin coating with nanometer 

distance, then the temperature measuring and monitoring were simultaneously performed by 
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confocal microscopy and electron spin resonance spectroscopy.190 Nanowire-assisted delivery 

could introduce NDs and Au nanoparticle into cells to perform cellular thermometry study. This 

nanoscale thermometer that uses single NV center as robust temperature sensors with a 

submicrometric spatial resolution, sub-kelvin temperature sensitivity has the potential for 

biomedicine applications like accurate control of gene expression or photothermal therapy. 
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2. Motivation 

NDs with excellent optical properties originating from NV centers represent promising 

fluorescent probes for various bioimaging applications. Also, single NV center with specific spin 

property has sensitive resonance to near-field environmental changes (i.e., magnetic, electric field 

or thermotic source), and this spin resonance could be translated into an optical readout that could 

be applied for quantum sensing. As emerging nanomaterial, NDs with surface functional groups 

and robust physical properties functions as a flexible and chemically inert platform to load an 

array of functionalities (i.e., therapeutics for drug delivery). It is therefore highly interesting to 

introduce these functionalities to NDs for advanced biomedical applications like monitored drug 

release, single particle tracking, quantum sensing, and real-time theranostics. To accomplish this 

goal, formulation approaches are necessary to achieve NDs biomaterials with suitable biological 

properties providing all designated functionalities. Importantly, the enhancement of colloidal 

stability of the NDs biomaterials should be emphasized, since their strong aggregation tendency 

is one of the biggest challenges for NDs applications in any biosystem. Native proteins, e.g., HSA 

possesses excellent biocompatibility and could adsorb onto NDs surfaces by forming a stable 

protein layer of only a few nanometers thickness, and the resulting HSA coated NDs could stably 

disperse under physiological conditions. These characteristics have served as an inspiration to 

establish more advanced NDs biomaterials based on HSA, or HSA-derived polymers coating 

approaches.  
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In this thesis, diamond-based bionanomaterials are established based on native HSA or HSA 

derived polymer coating strategies providing access to multi-functional NDs bio-nanomaterials 

(Fig. 9). First, we investigate native protein coating approach to prepare defined hetero-

nanoparticles consisting of NDs and Au nanoparticles. It is highly interesting to couple NDs with 

Au nanoparticles to investigate the plasmonic-photon enhancement from the near-field Au 

nanoparticles to the NV centers. Furthermore, the hybrid ND-Au nanomaterial with hetero-

functional agents offers great potential for a series of multi-modal imaging including optical 

imaging for living cells and electronic imaging with enhanced contrast and nanoscale resolution. 

In particular, the electronic imaging allows for single nanoparticle tracking and subcellular 

activities investigation. In this system, native HSA was not only used to enhance the colloidal 

stability of the formed ND-Au hybrids but was also exploited as an adhesion agent to link the 

NDs to the Au nanoparticles by coating and in-situ crosslinking.  

+ +
(a) 

(b)

(c)

Figure 9 Established systems: (a) ND-Au hybrids by native protein coating, (b) ND coated by drug conjugated, 
native protein-derived copolymer for theranostics, (c)ssDNA grafted, native protein-derived copolymer for 

functionalities incorporation. 
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The second system involves the coating of NDs with a copolymer derived from denatured HSA. 

While the coating methodology of native protein for NDs coating is efficient and convenient, the 

resultant bio and chemical consequences of this hybrid material on the NDs surface have been 

less explored. Protein molecules are composed of a polypeptide backbone with multiple chemical 

active groups from the amino acid residues, which could be chemically modified and conjugated 

with new functional molecules like therapeutic agents. Those functionalities could subsequently 

be further incorporated to NDs by surface coating with the HSA-derived copolymer. PEGylation 

was used as a strategy to introduce side chains to the denatured protein for enhanced 

hydrophilicity, and the PEG chains could further contribute to the colloidal stability of the 

polymer coated NDs. We aim to utilize the HSA derived, drug conjugated and PEGylated 

copolymer to coat NDs for theranostics with the combined functions of bioimaging and drug 

delivery. More importantly, additional synergistic advantages could be exploited by correlating 

the fluorescence spectra of the formed nano complex to monitor drug release processes, which is 

more than just the combined functions derived individually from the NDs and the functionalized 

polymer. 

The functionalization of NDs is based on the availability of a biopolymer carrying all suitable 

functionalities. However, on the level of the biopolymer, it might be attractive to introduce 

functionalities that allow quick and efficient post-functionalization. This biopolymer could be 

particularly attractive in case the functionalities should be attached after coating at the level of 

NDs. Therefore, an entirely novel biopolymer with ssDNA chains grafted from denatured HSA 

in envisaged that provides high structural definitions as well as great opportunities to attach 

various functionalities by hybridization. Compared to PEGylation, DNA side chains offer 

exceptional properties like biological activities, biocompatibility, molecular recognition and 

nanoscale manipulability, which make the DNA grafted copolymer a versatile, programmable 

and ‘‘smart’’ biopolymer for the construction of a variety of biomaterials. An entirely novel HSA 

derived biopolymer with DNA side chains was designed, where DNA maintains the 

hydrophilicity of the denatured HSA while simultaneously providing distinct anchor sites that 

could be functionalized through DNA hybridization. Potentially, the ssDNA conjugated HSA 
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derived copolymer could be used for NDs coating for enhanced stability, and introduce more 

advanced functions to the coated NDs, for example, gene delivery or coupling the ND with homo 

or hetero nanoparticles to investigate the near-field coupling through precisely arranging the ND 

on DNA origami.  

To establish new NDs derived bionanomaterials, we aim to prepare different functionalities 

loaded NDs biomaterials by employing efficient coating strategies with novel designs on protein 

and protein derived copolymers, to pave the way for functionalized NDs in advanced 

bioapplications. Based on the optical property and spin resonance of NDs, flexible coating and 

functionalities introducing approaches, as well as fast developed super-resolution imaging tools 

to break the resolution limits, more advanced biomedical applications by NDs derived 

bionanomaterial could be envisioned. Potentially NDs can be applied as contrast agent or single 

molecule labeling tool for bioimaging and biosensing in the following bioapplications, for 

example, magnetic resonance imaging with hyperpolarized NDs,48 single-molecule FRET 

imaging,186-187 stem cells labeling and tracking,191 imaging-directed surgical treatment of 

cancer,192 labeling and recording of exosomes for intracellular trafficking.193-194 Accordingly, 

coating strategies, as well as coating materials should be further developed for formulation of 

NDs derived bionanomaterials, which are applicable and can participate in those designated 

bioactivities. 
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3. Investigated systems 

3.1. Formation of ND hybrid nanoparticles 

The NV center in NDs with electron spin resonance is sensitive to external environmental changes 

coming from the near distance applied magnetic, electric and strain fields, which could be 

magnetically manipulated and optically detected with single molecule resolution. Gold (Au) 

nanoparticles on the other hand are extensively used in bioimaging, labeling and sensing, due to 

their physical property and ability for photo-energy conversion, as well as in the distance-

dependent quenching or enhancement of attached fluorescent molecules. Moreover, plasmon-

photon enhancement has been observed for NDs closely coupled with Au nanoparticles. Through 

the ‘antenna’ effect, the localized photon fields and the emitter of coupled NV centers could be 

enhanced.94 However, the NDs and Au nanoparticles have only been assembled by AFM 

manipulation, which is single nanoparticle controlling instead of scalable nanomaterials for 

bioapplication. It is highly interesting to connect NV centers with plasmonic Au nanoparticles in 

a relatively close distance (~1 nm) but still isolated by ND carbon lattice, to study the Au 

nanoparticles plasmonic influences to the optical properties of the NV center. Scalable 

preparation is necessary so that this hybrid ND-Au nanomaterial could be used for fluorescent 

imaging in biosystems.    

In addition to fluorescence imaging, electron microscopy is another standard tool to study 

functional nanoparticles’ bioactivities and distributions with nanoscale resolution. Au 

nanoparticles is a metal nanomaterial, which therefore possess high contrast under electron 

microscopy. While NDs with carbon composition, their cellular distribution can only be observed 

with clusters since single ND is hard to be differentiated from complicated cellular background 

under electron microscopy.195 It would be highly interesting to produce hybrid ND-Au with gold-

labeled ND, for enhanced contrast in electron microscopy, which could be used for the 

nanomaterial biodistribution observation as well as for single nanoparticle tracking. 
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Developing NDs hybrid complex for bioimaging is challenging since the difficulty arises partially 

from the aggregation tendency of NDs in biological environments, and also from the difficulty to 

control the content of the introduced hetero-materials. NDs have been coupled to gold nano-rods 

(AuRod) through polymer assisted conjugation.196 These ND-AuRod hybrid nanoparticles have 

been utilized as a thermometer for monitoring photothermal therapy. Unfortunately, there are still 

limitations for this hybrids material preparation approach, for example, the uncontrolled 

composition with too many numbers of AuRods was adsorbed on each ND, and the lack of 

nanoparticle characterization and biocompatibility evaluation. Another reference for hybrid 

materials preparation, is the previously mentioned ND-ferritin complex for near-field magnetic 

coupling investigation.20 Although the ND-Ferritin is a complex between ND and protein instead 

of nanoparticles, the protein ferritin with 12 nm diameter and 2 nm thickness, could be considered 

similar in size to nanoparticles.197 Ferritin could adsorb on the surface of NDs, which has been 

identified by TEM. This ND-Ferritin hybrid provides an approach to incorporate NDs with hetero 

nanoparticles, although it lacks characterization and evaluation of colloidal stability. Furthermore, 

the adsorbed protein could contribute to the ND enhanced colloidal dispersity, and simultaneously 

introduce hetero nanoparticles to the hybrid system.  

3.1.1. ND-Au hybrid nanoparticles  

Figure 10 ND-Au hybrid nanoparticles. 
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Based on the protein coating approach, we established an efficient hybridization method by 

absorbing Au nanoparticles on the NDs surface to generate ND-Au hybrids (Fig. 10). The native 

protein HSA as relatively large molecules (65KDa) with a defined 3D architecture, was added to 

the system to improve the hybrids colloidal stability, as well as to adjust the amount of Au 

nanoparticles absorbed on NDs surface. By optimizing the ratio between ND, Au, and protein, in 

combination with purification by analytical ultracentrifugation(AUC), ND-Au hybrids with 

defined composition were generated by such a convenient, highly efficient one-step, scalable 

approach. The resulting hybrid nanoparticles contained one or two Au nanoparticles per ND, 

showed a narrow size distribution, long-term colloidal stability and low cytotoxicity. Additionally, 

the formed protein shell on the NDs surface could be explored as monomers for polymerization. 

The carboxylate group and the primary amine group from the peptide residue could be used to 

crosslink the protein molecule to form a polymer shell by in-situ polymerization. The carboxylate 

group from NDs and Au nanoparticles surface, could also be covalently conjugated with the 

surface protein polymer, to further prevent the protein molecule as well as the Au nanoparticles 

from dissociating. Moreover, the HSA could be replaced by other bioactive proteins, like enzymes, 

antibodies, toxins, which would contribute to the formation of the hybrid complex, as well as 

introduce additional bioactive functionalities. 

Through the hybrid nanoparticles, the plasmonic-photon enhancement of the optical active NDs 

coupled with the plasmonic Au nanoparticles was shown in two aspects. First, the fluorescence 

intensity of the gold labeled NDs was enhanced by increased brightness. Second, the ND-Au 

showed a shortened lifetime and faster laser response with less irradiation time for the excited 

state, which offers rapid fluorescence imaging at lower laser power. For NDs in fluorescent 

imaging or as biosensors, the non-photobleaching property of NV centers provides the possibility 

for the tracking of photostable single ND under long-term irradiation, while potentially cell or 

tissue damage by long-term laser irradiation cannot be avoided. The faster laser resonance of ND-

Au improves the laser safety for the hybrid nanomaterial in bioimaging. Furthermore, other hetero 

nanoparticles with specific electric, magnetic, thermotic properties, could be combined with NDs 

in the hybrids to bring more interesting effects for the NDs optical property or spin resonance.  
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In addition, the Au labeling significantly improved the contrast of the ND-Au hybrid nanomaterial 

in electron microscopy, which would provide great accuracy and convenience to locate single 

ND-Au in the subcellular environment. Based on the high contrast of ND-Au in electron 

microscopy, the ability of the ND-Au hybrids to escape the endosomes could be observed, which 

would be very meaningful for the related study of subcellular activities. Furthermore, the scanning 

transmission electron microscopy (STEM) provided 3D information about the cellular 

distribution of NDs for the first time, which is an entirely new approach for the observation of 

NDs material with spatial and nanoscale resolution. All these new observed bio-activities as well 

as the newly established techniques from the ND-Au hybrids, make NDs not only a probe in real-

time living cell imaging, but also an excellent candidate for the labeling and visualizing of specific 

subcellular activities. 

3.1.2. Positioning in the scientific context 

This work about ND-Au hybrid nanoparticles includes several novelties such as a new approach 

for hetero-nanomaterial preparation, utilization of plasmonic-photon enhancement for advanced 

fluorescent bioimaging, recording endosomes escaping of the nanomaterial, as well as technical 

innovation for NDs in STEM imaging. As highlighted in the Nature News,199 this robust approach 

for hybrid nanomaterial preparation has paved the road for rapidly combining different imaging 

probes and biosensors without extensive optimization. A series of hybrid nanomaterials could be 

established by the same method of native protein coating. Recently we have prepared the ND-

AuRod hybrid nanoparticles. Based on the heat sensing ability of NDs and the laser-heat 

conversion ability of AuRod, the formed ND-AuRod has the potential to be designed as heat 

generator and nano thermometer for self-detected photothermal therapy of cancers. Also, Er3+ 

doped NaYF4 as upconversion nanomaterial could emit laser with wavelength for NV excitation, 

which can also be incorporated with ND. The FRET effect between the two closely attached 

nanoparticles could be further investigated. We believe a series of NDs derived bionanomaterials 

will be established with different functional nanoparticles and proteins incorporation for diverse 

biomedical applications. 
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In addition to that, further work can be following on the aspect of quantifying the NV centers 

unique quantum resonance in detail.198 For example, the surface plasmon resonance of gold 

nanoparticles is size and structure dependent, which could be further investigated to obtain the 

optimized plasmon-photon enhancement for the near-field coupled NDs. Another aspect is the 

concern of the distance effect for the photon-electron interaction. The plasmon-photon 

enhancement is distance-dependent, which is essential to be further investigated for the 

preparation of ND-Au hybrids with the optimized distance between the NDs and Au nanoparticles 

to maximize the plasmonic-photon enhancement. 
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3.2.  Synergistic ND-copolymer nanomaterial as theranostics 

3.2.1.  NDs coated with HSA derived copolymer 

 

 

Figure 11 Protein derived, functionalities loaded copolymer for NDs coating. 

The HSA derived copolymers with retained 3D brush molecular architecture, are excellent 

candidates to coat NDs and to obtain a surface layer with a thickness in the molecular regime for 

the enhanced colloidal stability of the hybrids. Additionally, with the conjugated therapeutic or 

diagnosis moieties on the copolymer backbone or side chain, the copolymer could be coupled 

with NDs to generated multi-functional bionanomaterials. In this work, copolymer dcHSA-PEO-

DOX has been applied to coat NDs, and the ND-protein polymer formed a core-shell 

nanomedicine, which was applied for cancer cell imaging and chemotherapy (Fig. 11).200 Pre-

modification of the protein provided a large number of reactive amino acid residues, which 

allowed access to many different functionalities. The biopolymer was designed by chemical 

reprogramming of serum albumin and conjugated with DOX as chemotherapeutics, PEO as a 

stability agents and additional amine groups to obtain a positively charged surface. The anti-

cancer drug DOX was indirectly introduced to the NDs by firstly conjugate to the protein-derived 

copolymer through an already established hydrazone linker which is cleavable in acidic 

+
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environments, i.e., specific cellular compartment. Then the protein derived, cationized, 

PEGylated, denatured and drug conjugated copolymer dcHSA-PEO-DOX was electrostatically 

absorbed on the NDs surface. The formed functionalized nanomaterials was denoted as ND-

copolymer-DOX and was fully characterized regarding size distribution, dispersity and stability 

in harsh environment, surface charge, and drug release. With its 3D structure, the brush copolymer 

could stabilize NDs to improve the colloidal dispersity of the nanomedicine. Even after packing 

with aromatic DOX molecules, the NDs remained dispersed as single-particles in several 

physiological media and solutions with high salt concentration as well as cell culture medium 

with a broad pH range, which has been confirmed by DLS, FCS, and TEM imaging measurements. 

This stable single-particle dispersity is significant in comparison to directly drug adsorbed ND 

complexes, which was implemented as drug delivery vehicle in NDs clusters form and lacking 

characterization in nanoparticle level. The high colloidal stability of ND-polymer-DOX is of great 

importance for its bioactivities as well as blood circulation, in the regarding of the uncontrolled 

aggregation of nanoparticles affects the cell uptake or results in unexpected cellular toxicity.  

The generated bionanomaterial combining functionalized protein copolymer and fluorescent NDs 

provides a new approach for core-shell structured nanomedicine with enhanced colloidal stability 

for fluorescence imaging and drug delivery. Additional to that, this synergistic combination of 

fluorescent drug conjugated copolymer with NDs is also a novel platform for monitored drug 

releasing. As a bioimaging tool, ND-copolymer-DOX could be efficiently transported into A549 

cells and homogeneously distributed inside endosomal vesicles, in comparison to non-uptake of 

the bare NDs with only aggregation formation on the cell membrane due to the negatively charged 

surface of the NDs. The coated ND without drug loading displayed remarkably low cellular 

toxicity even at very high concentrations in several cell lines including suspension and adherent 

cell lines and exhibits high biocompatibility by not triggering inflammatory reactions of 

macrophages. ND-copolymer-DOX has been applied as a drug delivery platform in the 

transportation of chemotherapeutics to cells. The DOX released from the ND-polymer complex 

experiences is a three steps process. First the protein polymer decomposes, followed by a breaking 

of the hydrazone linker and finally, the drug escapes from NDs’ absorbance. The first two 
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processes require acidic and enzymatic cellular environment, which makes the sustained drug 

release better controlled than the release of drug directly adsorbed on ND-DOX complexes.161 

More than that, fluorescence signals generated from the NDs and the drug molecules allowed the 

tracking of the distribution in cellular organelles like vesicles, cytosol, and nucleus. Since the 

fluorescence generated from DOX could be bleached by controlled laser irradiation while the 

fluorescence generated from NV center could resist photobleaching, the fluorescence could be 

assigned to each fluorophore. This approach can not only discover the cellular distribution of the 

drug but also able to monitor the entire drug release process.  

The in vivo study of ND-copolymer-DOX for drug delivery and imaging has been performed in 

a chicken CAM model, by which human breast cancer cells were xeno-transplanted onto the 

chorioallantoic membrane of fertilized eggs.201 It was found out that the nanomedicine of ND-

polymer-DOX time and dose-dependently inhibited the tumor growth which has superior efficacy 

to the free drug. The faster kinetics and higher antitumor activity, were attributed to high localized 

concentration as well as a decrease in efflux for the drug bonded NDs yielding from the enhanced 

permeability and retention effect of the nanomedicine. Frozen sections of the tumor xenografts 

were observed by fluorescence imaging for the NDs and copolymer complex to be applied as 

bioimaging agents, and the complex was found accumulated in tumor cells with limited entry into 

healthy tissue. This coating approach to combine NDs with functionalized, protein-derived 

copolymer for multi-functionalized bionanomaterial preparation, have unique advantages such as 

solving the aggregation shortcoming of NDs, converting NDs into drug delivery carriers, and 

customizing the nanocarrier with functionalities conjugating. This surface coating strategy has 

mainly paved the road to combine functionalized protein-derived copolymers with NDs, to 

generate a series of bionanomaterials combing different therapeutics and imaging tools, and 

especially utilizing the interaction between these incorporated functionalities and NV centers for 

advanced biomedicinal applications. 

3.2.2. Positioning in the scientific context 
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The combination of the ND as a hardcore with the soft shell of the copolymer generated a 

synergistic nanomedicine, which showed excellent biocompatibility, and has been applied for in 

vitro and in vivo optical imaging and therapy. Other functionalities mentioned in section 1.3.4, 

such as the mitochondria targeting group TPP (Triphenylphosphonium), can also be introduced 

to NDs by conjugation to the HSA-derived copolymer which can coat on the surface of NDs for 

subcellular targeted bioimaging. Based on the high loading capacity of the backbone of the HSA 

derived copolymer cHSA-PEO, simultaneous attachment of multiple functionalities is feasible. 

The paramagnetic Gd3+-complex as a contrast agent for magnetic resonance imaging (MRI) 

together with DOX have been conjugating to the copolymer to generate dcHSA-PEO-Gd-DOX. 

This bi-functionalities conjugated copolymer has the potential for multi-functional applications 

including chemotherapy and MRI diagnosis (unpublished results). It is also interesting to utilize 

the copolymer dcHSA-PEO-Gd-DOX to coat NDs to generate core-shell nanomaterial including 

chemotherapeutics, MRI contrast agents, and fluorescent imaging agents potentially for multi-

functional theranostics.  

Moreover, functionalities which might have interactions with the electron spin of NV centers can 

be introduced to NDs through the same approach. Subsequently, this coupling interaction could 

be investigated and utilized for advanced biomedicinal applications. For example, Ru-complexes 

can generate singlet oxygen generation by laser irradiation for photodynamic therapy. Through 

the surface coating with copolymers, these Ru-complexes could be incorporated with NDs. Since 

the reactive singlet oxygen has a free electron, might affect the electron spin of near-field coupled 

NV centers. Based on this electron spin coupling resonance, the reactive singlet oxygen 

generation process might be sensed and monitored by the optically detected electron spin 

resonances of NV centers. Then this nano complex with both functionalities of Ru-complexes as 

singlet oxygen generator and NV centers as detector has the potential to be applied for self-

monitored photodynamic therapy. In summary, we believe there will be more of the branch-

structured, protein-derived, semi-synthetic polymers with additional functionalities conjugating 

established, and these functionalized polymers can be easily incorporated with NDs by surface 

coating for enhanced colloidal stability and multi-functional biomedical applications. 
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The surface coating with fully functionalized, protein-derived biopolymer established in our 

group can solve the colloidal stability in physiological media of NDs and introduce functionalities 

to the nano-complex. Other than that, there is also much progress of in-situ synthetic polymers 

for NDs modification and functionalization. Cigler et al. have reported the generation of an 

ultrathin silica shell of NDs to obtain solubility in organic media for chemical modification.111 A 

second biocompatible copolymer can be further grown from the ND-silica by radical 

polymerization (‘graft from’ approach), which can enhance the colloidal stability of the nano-

complex and covalently conjugate cell binding groups. This double-layer modified ND-polymer 

nanomaterial has been applied for targeted bioimaging. A plasmonic surface has also been 

introduced to the ND-silica for thermoablation of cancer cells.202 Moreover, the same research 

group has also established another layer by layer modification of NDs for biosensing.203 NDs 

were firstly coated with PVP polymer (Poly(vinylpyrrolidone)) to obtain dispersity ability for 

post-coating polymerization in organic solvents. Subsequently, paramagnetic Gd3+ complexes 

were conjugated to the surface grafted polymer HPMA by selective cleavage linkers. The NV 

spin relaxation time is responsible for the spin noise changing induced by attachment and 

detachment of Gd3+ complexes, which could be quantified and applied to monitor the linkage 

break related physiological activities(e.g., pH changing or redox reactions). There are also several 

advantages for the grafting from polymerization on the surface of ND. For example, this approach 

can solve the colloidal dispersity problem of NDs in both ionic buffer and organic media. More 

importantly, additional functionalities could be introduced to polymers on the outer layer of the 

coated NDs in a controlled fashion. Also, with NDs present in the polymerization and 

modification steps, the purification process of coated nanomaterials could be simplified by 

centrifugation.  
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3.3. Protein polymer with bioactive side chains 

 

Figure 12 Bioactive side chain ssDNA conjugated copolymer dcHSA-ssDNA and the covalent conjugation and non-
covalent hybridization for functionalities loading. 

3.3.1. dHSA-ssDNA 

In the last section, the functionalization of NDs is based on the availability of a biopolymer 

carrying all suitable functionalities. However, there might be some potential needs to introduce 

functionalities at the level of NDs after the polymer coating. Regarding this requirement, it is 

necessary to establish new polymers which could introduce functionalities that allow quick and 

efficient post-functionalization. The ssDNA grafted copolymer could be particularly attractive in 

the case that functionalities should be attached after coating to the NDs. Therefore, an entirely 

novel biopolymer with ssDNA chains grafted from denatured HSA in envisaged that provides 
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high structural definitions as well as great opportunities to attach various functionalities by 

hybridization of complementary sequenced ssDNA chains. 

This biopolymer was prepared by employing bioactive synthetic oligonucleotide (DNA) 

sequences, to replace PEO as a stabilization reagent for the denatured HSA (Fig. 12). PEO has 

many advantages, yet a few inherent limitations such as polydispersity, and it is challenging to 

introduce additional functionalities on the PEO chain.204 DNA possesses exceptional properties 

like biological activities, biocompatibility, molecular recognition and nanoscale manipulability, 

which make DNA a versatile, programmable and ‘‘smart’’ polymer to be contributed for to the 

construction of a variety of biomaterials. In addition to the advantage for post-functionalization 

by introducing of additional functionalities through bioactive oligonucleotide side chains, the 

oligonucleotides over PEO for the preparation of HSA derived copolymer possesses other merits. 

For example, the generated copolymer dHSA-ssDNA has the retained monodispersity of the 

molecule structure. Also, there is a possibility for usage of the DNA grafted copolymer as the 

monomer for 3D network construction like hydrogel for tissue engineering.116, 140  

Based on those advantages, the copolymer dHSA-ssDNA exhibits preserved biocompatibility, 

capacity for introducing functional molecules on the backbone, and monodispersed molecular 

mass spectra. In addition to that, the dHSA-ssDNA provides a LEGO®-like platform to arrange 

additional functionalities based on the accurate hybridization with the grafted oligonucleotide 

side chains under mild conditions. A series of functionalities like chromophore, fluorescent 

proteins, and cell targeting peptide were pre-conjugated with complementary oligonucleotides, 

and further precisely positioned on the HSA derived copolymer. The functionalities incorporated 

copolymers as well as exhibiting retained molecular monodispersity and preserved bioactivities. 

A more profound advantage of the dHSA-ssDNA is that the oligonucleotide side chain could be 

prolonged by multi-arm DNA linker as well as arranging multi-functionalities at each arm in a 

controlled fashion. Also, besides loading onto the polypeptide backbone and ssDNA side chain, 

the formed double strand DNA can also serve as a binding site for drugs which can intercalate 

into DNA.205-206 More importantly, the grafted ssDNA chain, as well as additional functionalities, 

have the potential to be introduced to NDs by surface coating and post-coating functionalization.  



 Investigated systems 

57 
 

3.3.2. Positioning in the scientific context 

This established system provides a novel approach for the semi-synthetic polymer with precise 

mass and molecular structure by using ssDNA as hydrophilic side chains to stabilize the denatured 

protein. The starting materials in this work are a protein and synthetic oligonucleotides, which 

are both biocompatible and bioactive in a wide range of preparations of nanomedicines or polymer 

biomaterials. Programmable conversion of the protein molecule to functional biopolymer could 

preserve its bioactivity and the structural precision. Additionally, introduced ssDNA chains could 

not only be used for exploring hydrophilicity enhancement and molecular mass accuracy, but also 

contribute linker groups for accurate conjugating of functionalities to the specific position of the 

polymer under mild reaction condition. The copolymer attached with functionalities also showed 

structural uniformity with preserved bioactivities. The purification approach in this work could 

remove impurities as well as unreacted compounds and starting material. Additionally column 

chromatography with anion exchange column, improved the resolution of the product mixture 

even further by exploitation of differences of the surface charge of each polymer molecule 

depending on the number of conjugated ssDNA or conjugation sites.  

There are still several limitations in this approach, for example, where self-assembly of the 

dcHSA-ssDNA copolymer might partially fold ssDNA sequences, which could affect the further 

formation of double-strand DNA helix with other functional molecules. Spacer groups like 

hydrophobic alkyl chains or prolonged ssDNA sequence spacers could be introduced to ssDNA, 

to provide exposed ssDNA linker with extended length. Another limitation is the lack of 

sequential diversity in conjugated ssDNA chains, which might limit the amount of the further 

attached functionalities. This problem could be solved by using multi-arm linker DNA, or taking 

different residue groups from the peptide backbone for conjugation of ssDNA with different 

sequences. 
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3.3.3. Perspective of dHSA-ssDNA coated NDs 

 

The preparation of ssDNA grafted copolymer dHSA-ssDNA was designed based on the idea for 

potentially introducing spherical ssDNA around NDs by copolymer coating (Fig. 13). Further, 

the ssDNA on the NDs surface could be adopted as linkers for conjugating of functionalities, or 

as a substrate for construction of more elaborate 3D architecture. Due to the high loading capacity 

of NDs, All the functionalities incorporated to the copolymer dcHSA-ssDNA such as the 

chromophore, functional protein, the cell-targeting peptide somatostatin, could then be introduced 

to the surface of NDs through DNA hybridization. Multi-arm linker DNA can also be introduced 

to the ND-copolymer hybrids, to provide loading sites for diverse functionalities and to generate 

the ‘all-in-one’ bionanomaterial. The established HSA copolymers with the attachment of 

multiple functionalities on their backbone and side chains, offer great opportunities to the NDs to 

be coated for multi-functional biomedical applications.  

+

Coating

Figure 13 ssDNA conjugated NDs prepared by ssDNA grafted copolymer coating. 
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The introduced spherical DNA also provides the opportunity to position the NDs on 2D or 3D 

matrices like DNA origami, which offers an elegant approach to design nanostructures with 

complex optical properties. In contrast, plasmonic effects and molecule sensing for DNA origami 

arranged Au nanoparticles have been comprehensively determined. Those investigations include 

but are not limited to (1) distance-dependent quenching of chromophores,188, 207 (2) dimeric Au 

nanoparticles plasmonic coupling,147 and (3) rolling up of Au nanoparticles for 3D plasmonic 

chiral nanostructures generation.208 Unfortunately, there has been no reports about DNA grafted 

NDs and precisely arranged NDs on the DNA origami through hybridization. The coupling of 

NDs on the DNA origami platform was only once accomplished through streptavidin-biotin 

conjugation, which was still lack of distance control and the diversity of nanoparticles coupled to 

NDs.148 In comparison, the established copolymer dcHSA-ssDNA can introduce DNA sequences 

to the NDs, and the ND-SNAs’ further arrangement with DNA origami, will be comprehensively 

studied in our research group with promising results. Once the ND has been placed on the DNA 

origami together with other homo or hetero particles in a controlled fashion, the coupling effect 

between NV center and other optical, electrical, or magnetic activators might be detected with a 

resolution down to molecular level. Those findings will help to provide strategies for the design 

and preparation of NDs hybrid materials for multi-modal imaging and quantum sensing.  
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4. Conclusion and outlook 

In conclusion, we have established a series of protein derived polymer coating methods to 

generate ND-polymer hybrid nanomaterials for bioresearch. Fluorescent NDs with NV defect 

centers have been extensively studied by physical scientists to explore its photostable optical 

resonance and nanoscale-spatial sensitive spin resonance. To utilize those specific characteristics 

of NDs in life science, there are gaps needed to be filled to convert NDs from nanoparticle to bio-

nanomaterials, which requires a systematical evaluation of this nanomaterial including 

biocompatibility, cell uptake, subcellular activities, blood circulation, and final fate. Accordingly, 

a series of purification and surface modification approaches have been established to make NDs 

derived nanomaterials more suitable for biosystems. The hyperbranched synthetic polymer could 

stabilize the NDs in physiological buffers by form a thick hydrophilic surface layer and avoid 

agglomeration. Except for synthetic polymers, blood plasma protein HSA with high 

biocompatibility, and defined 3D molecular architecture with a low internal stability, referred to 

as a "soft" protein, could also adsorb on surfaces of nanoparticles or solids to form a peptide 

surface layer through electrostatic interactions as well as a gain of conformational entropy for 

firmly binding. The albumin coated NDs could resist aggregation and exhibit excellent single 

dispersity in the ionic buffer and cellular environment. 

In addition to the required contribution for keeping the colloidal stability of the hybrid 

nanomaterial, this protein surface coating approach also allowed the conjugation of hetero 

nanoparticles with NDs, to generate hybrid nanomaterials like the ND-Au for multifunctional 

applications and plasmonic-fluorescence enhancement of NDs. Such one-step hybrids formation 

is convenient, with high efficiency for large-scale formulation of the nanomaterials. Proteins 

possess functional groups with various chemical reactivity from its amino acid residues, in-situ 

post-coating crosslinking on the surface of NDs could be performed between protein-protein 

molecules and protein-nanoparticle, and long-term stability for the hybrid nanoparticle with 

covalent bond could be obtained. Hence, this protein coating for NDs hybrids formation is widely 

applicable. For example Au nanoparticle could be replaced by other functional nanoparticles to 
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study the coupling effects between the NV center and the hetero nanoparticles with plasmonic, 

magnetic, photon and energy transfer effects.  

Another great opportunity originating from HSA's various chemical reactivity is the utilization of 

its backbone as a precursor for semi-synthetic polymers. A series of HSA derived copolymers 

have been prepared by conversion of HSA by denaturation, PEGylation, and cationization, and 

several bio functionalities have been introduced on the polymer dcHSA-PEO backbone including 

therapeutic molecules, targeting group, diagnosis agents. In this thesis, one of these HSA derived 

polymer dcHSA-PEO-DOX with anti-cancer drug conjugating has been used for NDs coating, 

and it is highly interesting to incorporate the polymer conjugated with additional functionalities 

to NDs. In this way, not only combinations of each function could be accomplished, but 

synergistic functions from the NV center coupled with the introduced functional molecules could 

be obtained. This functionalized copolymer-ND hybrids preparation is also a one-step coating 

approach, which is convenient and efficient. This process has paved the road for us to establish 

more of those HSA derived, brush structured, pre-functionalized copolymers for NDs hybrid bio-

nanomaterial formulation. 

The HSA derived copolymer dHSA-ssDNA with bioactive ssDNA branches has been established 

in this work. The synthetic ssDNA has customized sequence, polyanionic, linear and directional 

molecular structure, chemical modifiable termini, possessing the ability for functionalities 

covalently conjugating, molecular recognition, and nanoscale manipulability for double-stranded 

DNA helix generation. This copolymer dHSA-ssDNA with precise molecular mass and defined 

molecule structures could introduce additional functionalities on the bioactive side chain ssDNA 

through dsDNA formation. This copolymer with smart ssDNA branches also has the opportunity 

for usage in 3D networks like hydrogel, or coating on NDs to generate NDs spherical nucleic acid. 

Once the ssDNA been introduced to the NDs surface, a series of functions can be explored, since 

additional functionalities can be now easily introduced on ND surface by dsDNA formation, and 

the ssDNA grafted NDs could be accurately positioned on DNA origami to study its coupling 

effects. 
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6.  Publications 

In the following are the reprints of manuscripts. The reprints were made with permission of the 

relative journal. Furthermore, the copyrights are given on the respective cover and information of 

the contribution of the respective authors is listed. 

6.1.  [MP1]: Fluorescent Nanodiamond−Gold Hybrid Particles for 

Multimodal Optical and Electron Microscopy Cellular Imaging  

W. Liu, B. Naydenov, S. Chakrabortty, B. Wuensch, K. Hübner, S. Ritz, H. Cölfen, H. Barth, K. 

Koynov, H. Qi, R. Leiter, R. Reuter, J. Wrachtrup, F. Boldt, J. Scheuer, U. Kaiser, M. Sison, T. 

Lasser, P. Tinnefeld, F. Jelezko, P. Walther, Y. Wu*, T. Weil*. 

* corresponding author 

Published in: Nano Lett., 2016, 10, 6236-6244. 

Novel, biocompatible ND-Au hybrid nanoparticles have been prepared by efficient one-step 

protein coating approach in high purity through purification by analytical ultracentrifugation 

(AUC). The NDs with photostable NV centers has stable fluorescence, which could be further 

enhanced by near-field coupled gold (Au) nanoparticles through plasmonic-photon enhancement. 

The one-step reaction was accomplished by optimizing ratios between NDs, Au nanoparticles and 

protein to generate NDs coated simultaneously with Au nanoparticles and protein 

macromolecules with controlled amounts. Moreover, the protein HSA was selected as the coating 

material, because HSA possesses many advantages including biocompatibility, many 

functionalities for further reactions and a soft protein structure. HSA could be electrostatically 

absorbed on the negatively charged NDs surface accompanied with the conformational change of 

the adsorbed protein resulting firmly binding. More importantly, the amine and carboxylate 

groups from the amino acid residues could be employed for in-situ crosslinking of the HSA 

molecule in close vicinity as well as the NDs and Au nanoparticles to render the nanocomplexes 

more stable. Hybrids highly uniform in composition with one or two Au nanoparticles conjugated 

to each ND were obtained after AUC purification. The AUC could be not only performed to 
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purify the products, but also can be used for improving the homogeneity of the NDs and Au 

nanoparticles starting materials, and more purified products like defined 1:1 ND and Au 

nanoparticle conjugates were be obtained by repeated AUC.  

The hybrid ND-Au hybrid nanomaterial with hetero functional agents, has been performed in a 

series of multi-modal imaging. The conjugated Au nanoparticles benefits the NDs in the following 

aspects: (1) The Au nanoparticles were found to improve the optical properties of the NV center 

and decreased the nanomaterial laser toxicity by enhancing the fluorescent intensity of the NV 

center as well as reducing its fluorescence lifetime. (2) The hybrids could also be applied in 

imaging by electron microscopy with nanoscale resolution, and the gold labelling also greatly 

enhanced the ND imaging contrast to observe subcellular activities like the endosome escape 

process of NDs. Furthermore, with gold labelling, the hybrid ND-Au was analyzed with STEM 

imaging, which provides a totally new approach. For the first time, the subcellular fate of NDs 

was shown in 3D imaging with spatial and nanoscale resolution. This efficient approach allowed 

the preparation of hybrid ND-Au nanomaterials with hetero functional bio-imaging agents as 

promising candidates in optical imaging of living cells and electronic imaging for labelling and 

visualizing to study specific subcellular activities. 
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Figure 14 FND-Au hybrid nanoparticles for multi-functional bioimaging. 

Author contributions:  

W. Liu: FND-Au preparation purification and characterization, cell experiments, optical and 

TEM imaging, results discussion, figure processing and manuscript writing  

S. Chakrabortty: Au nanoparticle preparation, discussion and paper revision 

F. Boldt: result discussion and paper revision 

B. Naydenov, B. Wuensch, K. Hübner, J. Scheuer, R. Reuter, J. Wrachtrup, P. Tinnefeld and F. 

Jelezko: FND providing, FND-Au optical property characterization, results discussion, 

manuscript writing, paper revision 

S. Ritz: results discussion, FND-Au living cells optical imaging and imaging processing, paper 

revision 

H. Cölfen: Analytical ultracentrifugation and data analysis, paper revision 

H. Barth: results discussion, FND-Au biocompatibility experiment with macrophages, paper 

revision 
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K. Koynov: FCS measurement and results discussion, paper revision 

H. Qi, R. Leiter, U. Kaiser: High resolution TEM imaging of FND-Au, images processing, paper 

revision 

P. Walther: cryo cell slides preparation, STEM imaging and images processing, paper revision 

M. Sison, T. Lasser: FND-Au photothermal imaging and images processing, paper revision 

Y. Wu: concept, results discussion, manuscript writing and paper revision  

T. Weil: concept, results discussion, manuscript writing and paper revision 

Link to publication: 

https://pubs.acs.org/doi/pdf/10.1021/acs.nanolett.6b02456 

Reprinted (adapted) with permission from (Nano Lett. 2016, 16, 6236−6244). Copyright (2016) 

American Chemical Society. 
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6.2. [MP2]: Programmable Biopolymers for Advancing Biomedical 

Applications of Fluorescent Nanodiamonds 

Y. Wu+*, A. Ermakova+, W. Liu+, G. Pramanik, T. M. Vu, A. Kurz, L. McGuinness, B. Naydenov, 

S. Hafner, R. Reuter, J. Wrachtrup, J. Isoya, C. Förtsch, H. Barth, T. Simmet, F. Jelezko*, T. 

Weil*.  

+ shared first authorship 

* corresponding author 

Published in: Adv. Funct. Mater., 2015, 25, 42, 6576–6585. 

A synergistic core-shell nanomaterial combining functionalized protein copolymer and 

fluorescent nanodiamond, has been prepared and applied for cell imaging and chemotherapy. The 

protein derived, cationized, PEGylated, drug conjugated, denatured and brush structured 

copolymer dcHSA-PEO-DOX was electrostatically absorbed on the FND surface, and the formed 

FND-polymer complex showed stable single nanoparticle dispersity in high ion strength buffer 

as well as cell culture medium with broad pH range, which has been confirmed by DLS size, FCS 

and TEM imaging measurements. The coated ND with non-drug loading displays remarkably low 

cellular toxicity even at very high concentrations to several cell lines including suspension and 

adherent cell lines, and exhibits high biocompatibility by not triggering inflammatory reactions 

of macrophages.  

As optical bioimaging tool, the FND-polymer complex has been visualized in vitro and in vivo. 

Real time living cells imaging by optical microscopy showed the FND-polymer complex could 

efficiently transport into cancerous cells, and homogenously distribute inside endosomal vesicles. 

The in vivo study of FND-copolymer-DOX have been performed in a chick CAM model, by 

which human breast cancer cells were xenotransplanted onto the chorioallanotic membrane of 

fertilized eggs. Frozen section of the FND-polymer complex dosed tumor xenografts was 

observed by fluorescent imaging tool and the complex was found accumulated in tumor cells and 

less entry to healthy tissue. Furthermore, the drug loaded FND-polymer complex as drug delivery 
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platform has been applied in chemo therapeutics cellular transportation, and exhibited similar 

toxicity to free DOX. For the in vivo drug delivery evaluation, superior to the free drug, the 

synergistic nanomedicine was found time and dose dependently inhibition of tumor growth with 

faster antitumor kinetics and more antitumor activity, which were attributed to high local 

concentration yet decreasing of efflux for the FND bonded drug yielding from the enhanced 

permeability and retention effect of the nanomedicine.  

Additional advantages of this synergy material were observed over the copolymer formed micelle 

and the bare nanodiamond, like cellular drug release could be monitored by the fluorescence 

generated form the FND-polymer complex. Fluorescence spectra generated from FND and the 

drug distributed in cellular vesical, cytosol, nucleus was recorded and analyzed. DOX as organic 

fluorophore, its fluorescence could be bleached by controlled laser irradiation, while the 

fluorescence generated from NV center is relatively stable. In return, the fluorescent spectra of 

each cellular spot could be resolved, substrate and assigned to NV center or DOX, and then the 

drug releasing degree as well as the drug distribution could be evaluated. This synergetic strategy 

has particularly paved the road to employ functionalized protein copolymers for nanodiamond 

coating, to generate a series of core-shell theragnostic agents combing therapeutics and imaging 

tools. 

(a)

(b)

(c)

Figure 15 FND-polymer complex for drug delivery, bioimaging and synergistic effect. 
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Author contribution: 

Y. Wu: material preparation (dcHSA-PEO-DOX synthesis), confocal experiment, results 

discussion, figure drawing and manuscript writing, paper revision 
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analysis, figures processing, results discussion and manuscript writing 

G. Pramanik: material preparation (ND acid treatment, ND coating), material characterization 

(XRD, IR, TEM), manuiscript writing 

A. Ermakova, M. Vu, A. Kurz, L. McGuinness, B. Naydenov, R. Reuter, J. Wrachtrup, J. Isoya, 

F. Jelezko: Fluorescent nanodiamond providing, FCS measurement, quantum imaging 

experiment, manuscript writing, discussion and paper revision 

C. Förtsch and H. Barth: macrophage activation assay, discussion and paper revision 

S. Hafner and T. Simmet: chicken embryo imaging and chemotherapy experiments, data analysis, 

discussion and manuscript writing 

T. Weil: concept, results discussion, manuscript writing and paper revision 

Link to publication: 

https://onlinelibrary.wiley.com/doi/epdf/10.1002/adfm.201502704 

Reprinted with permission by John Wiley and Sons. 
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6.3. [MP3]: Converting Human Proteins into Precision Polymer 

Therapeutics 

F. Boldt+, W. Liu+, Y. Wu*, T. Weil*. Converting human proteins into precision polymer 

therapeutics.  

+ shared first authorship 

* corresponding author 

Published in: Curr. Pharm. Des. 22, 19, 2866-2872 (2016).  

This review paper systematically summarizes different methods for the conversion of human 

protein into precision polymer therapeutics. The polymer molecule generated from native protein 

precursor was designed for applications like drug delivery, photo-luminescent nanoparticles 

coating for theranostics and hybrid hydrogel formation. Several proteins with different molecule 

mass (HSA, BSA, lysozyme, Ovomucoid and trypsin inhibitor from Glycine max) were converted 

into copolymers composed of varying molecular weights, chain lengths, and ordered secondary 

structures. Those differences have been accomplished by different modification approaches like 

cationization and PEGylation performed priori or posteriori to denaturization. The priori 

modification enables easy characterization of non-denatured, but modified globular proteins by 

Moldi-Tof. The resulting protein derived copolymers has high solubility in water, long term 

stability for storage, biocompatibility, biodegradability, and it is highly attractive for biomedical 

applications like bioimaging and drug delivery. Examples for the protein derived copolymer for 

bio applications have also been summarized in this review. For example the copolymer dcHSA-

PEO-DOX, used in drug delivery, exhibited a two-step drug release, and it has also been utilized 

to coat fluorescent nanodiamond as photo luminance nanoparticles for bioimaging and synergistic 

applications. The HSA derived copolymer has also been utilized as monomer for hydrogel 

formation which was proved to be biocompatible, biodegradable and with tunable stiffness for 

3D cell culture.  

Author contribution: 
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F. Boldt and W. Liu: manuscript writing and figure drawing 

Y. Wu and T. Weil: concept, discussion and paper revision 

Link to publication: 

https://www.ingentaconnect.com/content/ben/cpd/2016/00000022/00000019/art00010 

Current pharmaceutical design by BENTHAM SCIENCE PUBLISHERS LTD..  

Reproduced with permission of BENTHAM SCIENCE PUBLISHERS LTD. in the format 

Thesis/Dissertation via Copyright Clearance Center 
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6.4. [MP4]: Encoding multi-functions into polypeptide-oligonucleotide 

precision biopolymers 

W. Liu+, F. Boldt+, Y. Tokura, T. Wang, B. K. Agrawalla, Y. Wu*, T. Weil*.  

+ Shared first authorship  

* corresponding author 

Published in: Chem. Comm., 2018, 54, 11797-11800  

Copyright: with reproduce permission for thesis from Editor. 

The branched copolymer dHSA-(ssDNA)2 was constructed from denatured human serum albumin 

(dHSA) as backbone and single strand oligonucleotide (ssDNA) sequences as side chain and 

stabilizer for the dHSA. The copolymer has been prepared, purified, and characterized with 

precise molecule mass, composition, and structure. Bioactive synthetic oligonucleotide (DNA) 

sequences have been chosen as stabilizer for HSA derived copolymer preparation, based on their 

exceptional advantages including biological activities, biocompatibility, molecular recognition 

and nanoscale manipulability. Those characteristics make DNA a versatile, programmable and 

‘‘smart’’ material, which can contribute in the construction of a variety of biopolymers. The semi-

synthetic copolymer dcHSA-(ssDNA)2 possesses several advantages over the other synthetic 

polymers, for example excellent biocompatibility, retained molecule monodispersity, preserved 

molecule backbone functional group attaching capacity and additional functionalities loading 

capacity through the bioactive oligonucleotide side chain. These features provide possibility for 

the DNA grafted copolymer to be used as monomers for 3D network construction. 

The ssDNA with a upstream 5’-phosphate terminus, phosphate-sugar backbone with customized 

nucleobase sequence, and a downstream 3’-OH terminus, is a directional, linear polyanion. The 

two termini of ssDNA could covalently conjugate functionalities, and dsDNA could be 

directionally formed by complimentary molecular recognition. Those features make ssDNA a 

precise linking site for introducing of functionalities to the copolymer through dsDNA helix 
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formation. Based on that, the dHSA-ssDNA provides a LEGO®-like platform for positioning of 

additional functionalities based on the accurate hybridization with the grafted oligonucleotide 

side chains under mild conditions. A series of functionalities like organic chromophores, 

fluorescent proteins and cell targeting peptides were pre-conjugated with complimentary 

oligonucleotide, and further precisely positioned on the HSA derived copolymer. These 

copolymers loaded with different functionalities also exhibit retained molecule monodispersity 

and preserved biocompatibility and bioactivities. A more profound advantage of the dHSA-

(ssDNA)2, is that the oligonucleotide side chain could be prolonged by a multi-arm DNA linker. 

This allows for the positioning of multi-functionalities at each arm in controlled fashion, or 

utilization of the copolymer dHSA-(ssDNA)2 and the multi-arm linker for 3D constitution 

construction. 

 

Author contribution: 

W. Liu: DNA and polymer synthesis, gel experiments, confocal and TEM imaging, DLS, CD 

measurement, cell experiment, results discussion figure drawing and manuscript writing 

=

Figure 16 copolymer dcHSA-ssDNA with functionalities of FITC, GFP, Somatostatin, Y shape DNA linker and 
Doxorubicin loading. 
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F. Boldt: DNA synthesis, MALDI-TOF measurement, Äkta purification, results discussion, 

manuscript writing 

Y. Tokura: AFM imaging and images processing, results discussion, paper revision 

T. Wang and B. K. Agrawalla: Somatostatin-SH synthesis and characterization, paper revision 

Y. Wu: concept and results discussion, paper revision  

T. Weil: concept and results discussion, paper revision 

Link to publication: 

https://pubs.rsc.org/en/content/articlepdf/2018/cc/c8cc04725a 

This is an open access publication published under the terms of Creative Commons Attribution 

3.0 Unported (CC BY 3.0),  (https://creativecommons.org/licenses/by/3.0) 
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9. Abbreviation 

A-T adenine and thymine 

C-G cytosine and guanine 

4-OHT 4-hydroxytamoxifen 

AFM atomic force microscope 

AML acute myeloid leukemia  

ATRP atom transfer radical polymerization 

AuRod gold nanorod 

AUC analytical ultracentrifugation   

BBB blood brain barrier 

BSA bovine serum albumin 

cHSA cationized HSA  

CVD chemical vapor deposition  

DGU Density gradient ultracentrifugation  

dsDNA Double stranded DNA  

EPR enhanced permeability and retention 

FCS fluorescence correlation spectroscopy  

FRET fluorescence resonance energy transfer 

Gd3+ Gadolinium (Gd3+)-DOTA complexes  

HSA Human serum albumin  

HPHT high pressure high temperature  

MRI magnetic resonance imaging 

N nitrogen impurities 

ND           nanodiamonds 
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ND-Au nanodiamond-gold hybrid nanoparticles 

NV nitrogen-vacancy defect centers    

ODNs oligodeoxynucleotides 

1O2 singlet oxygen 

ODMR optically detected magnetic resonance 

PDT photodynamic therapy 

PEI polyethylene-imine 

PG polyglycerol  

PAH polyallylamine hydrochloride 

PEG polyethylene glycol 

QDs quantum dots 

RAFT reversible addition fragmentation chain transfer 

Ru(bpy)3
2+ Ruthenium-complex (tris-(bipyridine)ruthenium(II) 

ssDNA single strand DNA sequence  

SNAs spherical nucleic acid 

STED stimulated emission depletion 

STEM scanning transmission electron microscopy 

TEM transmission electron microscopy 

Tm melting temperature 

TPP Triphenylphosphonium  

TA thioctic acid  

V  atom vacancy 

XRD x-ray diffraction 

ZPLs zero phonon lines 
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