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Abstract of the Dissertation 
 

 
  Fluorophores emitting in the “Near infrared (NIR) optical window” (650-900 nm) is ideally 

suited for in vitro and in vivo imaging of cells and tissues. NIR emitting fluorophore allows 

high signal-to-background imaging due to minimal autofluorescence from biological samples, 

reduced light scattering, and high tissue penetration. Nanoparticle-based NIR emitters are 

very attractive for biolabelling and bioimaging applications because their photostability, large 

surface area and favourable pharmokinetic properties. The preparation of highly stable 

multifunctional, biocompatible, nontoxic NIR emitting probes, with the ability to deliver 

large payloads, and incorporation of targeting groups, is highly attractive and desirable. This 

thesis focuses on the preparation of two types of multifunctional NIR emitting fluorescent 

nanoprobes, ultrasmall gold nanoparticles and fluorescent nanodiamonds (FNDs). 

 

 The large surface of nanoparticles can be functionalised with variety of bioactive molecules. 

Fluorescent nanoparticles have the high capacity to ferry cargo and loads onto them and serve 

as both contrast and delivery agent. For these applications, the nanoparticles must have 

combined properties of biocompatibility and interactive multiple functions at the surface. The 

surfaces of these particles could be modified through the creation of multifunctional, 

biocompatible polymer coating suitable for further functionalization for the attachment of 

various bioactive molecules. To stabilise the NIR emitting nanoparticles by polymer coating, 

multifunctional biocompatible polypeptide copolymers with different lengths, different 

charge of the polypeptide backbone chains have been prepared from native proteins or 

modified globular proteins using “denaturation and pegylation” strategy. These polypeptide 

copolymers have several attractive features, such as monodispersity, biocompatibility, non 

toxicity and most importantly the protein backbone contain various functional groups (-

COOH, -NH2, -OH) along the polymer backbone which allow the attachment of biomolecules 

to the polymer using very simple conjugation chemistry. 

 

  Thioctic acid (TA) functionalised polypeptide copolymers were used to stabilise NIR 

emitting ultrasmall AuNPs by following a one step synthetic procedure. Optical properties 

and the stability of the AuNPs were found to be dependent on the characteristics of the 

copolymers. Highly cationised copolymer with longer backbone, dcBSA-PEO(5000)28-
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(TA)26, is the most efficient in stabilising the NIR emitting AuNPs. dcBSA-PEO(5000)28-

(TA)26 stabilised AuNPs are well uptaken by the A549 cell line and they were located at the 

perinuclear region. Further nuclear localised signal (NLS) functionalised NIR emitting 

AuNPs were developed that can not only cross the cell membrane but also can penetrate 

through the cell nucleus membrane. Cell nucleus staining ability of NLS functionalised 

AuNPs were demonstrated by confocal microscopy. 

 

  This thesis also deals with another type of NIR fluorescent nanoparticles, called fluorescent 

nanodiamonds (FNDs). In addition to optical properties, the negatively charged lattice defects 

NV
ˉ
 in FNDs show attractive spin properties. The high tendency of FNDs to form aggregates 

and colloidal instability after chemical modification, were overcomed by coating the FNDs 

with cationised bovine serum albumin (cBSA) derived copolymer by non-covalent 

interactions. The cell uptake behaviour copolymer coated FNDs has also been demonstrated. 

Finally, the magneto metric sensing of biologically important external spins using FNDs has 

been demonstrated.  Iron storage protein ferritin has been introduced at the FNDs surface by 

non-covalent interactions and detected by measuring changes in the relaxation time (T1) and 

decoherence rate (T2) of FNDs. The large numbers of iron (S = 5/2 Fe
3+

spins) present in the 

ferritin core decreases both T1 and T2 seven times compared to FNDs without ferritin.  These 

results confirm the feasibility of FNDs as nano-scale magnetic field sensors.  The 

multifunctional NIR emitting nanoparticles developed in this thesis will definitely find much 

broader in vivo applications in biosensing, drug and gene delivery. 
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Chapter 1. Introduction 

  Fluorescence microscopy is among the most widely used techniques for high resolution, 

non-invasive imaging of live organisms.
1
 Fluorescence-based live cell imaging allows 

visualization of biological processes in an intact and native physiological state and is very 

important for gaining a better understanding of dynamic biochemical processes.
2
 It has 

helped significantly in improving our understanding of fundamental cellular processes. 

During the last decade, fluorescent nanoparticles have emerged as versatile tools in the area 

of biomedical imaging.
3
 The recent advances in nanotechnology and nanomaterials have 

enabled the preparation of nanoparticle-based fluorescent chemical and biological probes, 

based on various metal cores.
3
 Diverse surface chemistries, unique magnetic properties, 

tunable absorption and emission properties, and recent advances in the synthesis and 

engineering of these nanoparticles suggest their potential as probes for early detection of 

diseases, such as cancer.
3
 Most commonly used fluorescent NPs are noble metal (Au, Ag), 

metal oxide (Fe3O4), semiconductor nanocrystals {e.g., quantum dots (QDs)}, carbon-based 

NPs (e.g., nanodiamonds), insulator nanoparticles (e.g., dye-labelled silica nanoparticles) and 

up-converting nanoparticles (e.g., solid-state materials, doped with rare-earth ions). 

  However, limitations discussed for these NPs for diagnostic or therapeutic  administration to 

the human body is their biosafety.
4
 Nanomaterials are regulated by the Food and Drug 

Administration (FDA), like any other new diagnostic or therapeutic agent.
4
 However, many 

NPs contain elements, such as lanthanide, cadmium, selenium, tellurium, arsenic, lead and 

the complexes thereof, which are known to induce acute or chronic toxicity in vertebrates.
5
  

Therefore, there is an emerging interest in the preparation of alternative fluorescent 

nanoparticles, based on more bio-inert cores that could be applied for in vivo imaging. In this 

respect, the noble metal gold as well as nanodiamonds, which contain carbon-based diamond 

at the core, might be particularly suitable for biomedical applications.
6,7

 In addition, gold 

nanoparticles (AuNPs) and fluorescent nanodiamonds (FNDs) have favorable optical and 

spin properties.
6,8

 In particular, surface chemistry of nanodiamonds is still not well-

understood and there is an increasing interest to stabilize these nanoparticles in aqueous 

solution and impart biologically active functionalities. An ultimate goal would be to access 

multifunctional near-infrared (NIR) emitting AuNPs and FNDs that are stable under various 

biological conditions to allow bioimaging and sensing applications. In the following section, 

NIR emitting nanoparticles will be compared with small molecule NIR emitters as well as 
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UV or visible light-emitting nanoparticles with particular focus on bioimaging applications. 

Thereafter, the surface chemistry of AuNPs and FNDs will be introduced, that serves as basis 

for this thesis.   

1.1. Introduction into Near InfraRed (NIR) Imaging 

1.1.1. The near infrared (NIR) window 

  Molecular imaging is defined as the in vivo characterization and measurement of biological 

processes at the cellular and molecular level.
9
 It serves as a powerful technique to monitor 

and record cellular processes which is of great interest for diagnostic and therapeutic 

applications.
10

 Currently, the predominant modalities for clinical detection and diagnosis of 

cancer are lack of specificity and sensitivity (such as magnetic resonance imaging, positron 

emission tomography, computerized tomography, X-ray, radiography, ultrasound), and this 

also includes radioactive risks.
11

 Optical imaging is emerging as a simple, highly sensitive, 

non-invasive and safe detection method using readily available instruments. Fluorescent 

probes are indispensable tools in molecular imaging, as they provide dynamic information of 

the localization and quantity of the molecules of interest. Optical-based in vivo imaging is 

based on the detection of photons, emitted by fluorescent probes upon reacting specifically 

with biological molecules that induce a concomitant change of their photochemical properties 

(fluorescence intensity, excitation/emission wavelength, and so forth).
12

 In the past two 

decades, a large number of fluorescent probes have been developed and the majority of them 

fluoresce in the UV and visible region of the spectrum.
13,14

 However, the interfering 

background signal in the UV and visible region comes from autofluorescence of biological 

targets, such as tissues, proteins or other biomarkers that fluoresce naturally.
15

 Endogenous 

biological chromophores, in particular oxy- and deoxyhemoglobin (HbO2 and Hb), 

respectively (Figure 1.1.), strongly absorb visible light, thereby limiting the penetration 

depth at short wavelength.
15

 Other biological components, such as water and lipids, are 

optically transparent from the visible to the NIR, but strongly absorb light in the infrared.
15

 

Autofluorescence from intrinsic fluorophores, such as elastin,
16

 collagen
17

  and other 

biological fluorophores, ocurrs in the visible region (<600 nm). In vivo imaging is therefore 

limited by the scattering and absorption of light by intrinsic fluorophores and water. In order 

to study the molecules of interest by simple optical observation, the desired biomolecules 

need to be distinguished from the background. One of the ways to achieve high signal-to-

background imaging in deep tissues is the use of probes emitting in the NIR region. NIR 

probes emit in a narrow ‘optical window’ between 650 and 900 nm (Figure 1.1.), where light 
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can penetrate deeper, typically a few centimeter
18

 depth, where the absorption coefficient, 

light scattering and autofluorescence of tissue remain at a minimum. Therefore, NIRF 

imaging probes provide high signal-to-background ratio and thereby allow to access low 

detection limits.  

 

Figure 1.1. Definition of the near-infrared (NIR) optical window. Extinction coefficient 

value of water and oxy- and deoxyhemoglobin plotted ranging from the visible to the near-

infrared wavelength. (Image Ref.)
15

 "Reprinted with permission.
15

  Copyright 2010  

American Chemical Society."     

 

   

  Frangioni’s research group has explored the wavelength-dependent autofluorescence of vital 

organs and body fluids, using different filter sets (Figure 1.2.).
19

 When the viscera of a killed 

athymic mouse has been excited with blue light, green autofluorescence of the skin and the 

viscera, especially the gall bladder, the intestine, and the bladder, can be clearly seen (Figure 

1.2.b). The use of red filter sets, green light emission, reduces the autofluorescence of the 

gallbladder and intestine significantly, but donot eliminate the autofluorescence (Figure 

1.2.c). Only after the use of NIR filter sets, the autofluorescence has been totally eliminated 

(Figure 1.2.d). These results clearly demonstrated that the NIR region of the spectra, “the 

optical window”, offers the unique opportunity to detect fluorescent probes with high contrast 

from deep tissue. 
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Figure 1.2. (a) Immediately after sacrifice, the viscera of a hairless, athymic nu/nu mouse 

have been exposed. Arrows mark the location of the gallbladder (GB), small intestine (SI) 

and bladder (Bl).  Tissue autofluorescence has been imaged using three different 

excitation/emission filter sets: (b) blue/green (460–500 nm/505–560 nm); (c) green/red (525–

555 nm/590–650 nm); and (d) NIR (725–775 nm/790–830 nm). Fluorescence images have 

identical normalization. (Image Ref.)
19

 ‟Reprinted with permission. Copyright © 2003, 

Elsevierˮ 

 

1.1.2. Near infrared fluorescent (NIRF) molecules 

  Small molecule fluorescent NIR dyes (NIRF) are currently the most widely used tracers. A 

huge library of NIR dyes with well-defined chemical structures, tailored optical and chemical 

properties are nowadays commercially available (e.g. www.atto-tec.com). The most common 

NIR organic fluorophore families include rhodamines,
20

 BODIPY,
21

 indocyanines,
22

 

porphyrines
23

 and phthalocyanines
24

. Each of the chromophore scaffolds (Figure 1.3.) have 

been modified by functional groups in order to adjust emission wavelengths, enhance 

photostability, to tune the hydrophobic/hydrophilic features or to enable conjugation with 

targeting moieties. For instance, solubility of these polycyclic, hydrophobic NIR dyes has 

been improved by attaching sulphonate groups to the dye
25,26

 or the fluorescence lifetimes of 

these dye molecules have been increased by introducing different heavy atom (e. g., halogen) 

substitutions near the center of the dye or excitation and emission wavelength can be tuned 

by altering the substituent groups of the dye.
27  
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Figure 1.3. Basic chemical structures of  NIR emitting dyes.
28,29

 

 

  The recent trend is to encapsulate the NIRF dyes inside polymers or within inorganic 

matrices to use these nanoprobes for tumor imaging via the enhanced permeability and 

retention (EPR) effect.
30-32

 Compared to free NIRF, there are several distinctive features in 

the NIRF dye-containing nanoprobes. The polymer or inorganic matrix encapsulation 

protects the dye by reducing their exposure to oxygen, increases the photostability, 

biocompatibility and most importantly, NIRF signal is enhanced due to their higher local 

concentration at the targeted site, which results in much higher sensitivity compared to free 

NIRF.
30

  Notable, the use of nanotemplates for fluorescent dye encapsulation prevents dye 

water solubility issues, aggregation and changes the pharmacokinetic properties of the NIRF 

dye.
30

 Here, the use of nanotechnology has helped designing more efficient and cell or tissue-

specific nanoprobes, suitable for high contrast fluorescence imaging.  

 

1.1.3. Near infrared fluorescent (NIRF) nanomaterials 

  NIR emitting metallic nanoparticles, for in vitro and in vivo molecular imaging, have 

received much attention because of their unique features.
33

 Semi-conducting quantum dots 

(QDs) are the most widely used NIR fluorescent nanoprobes. In addition, there exist single-

walled carbon nanotubes (SWNTs), noble metal (Au, Ag) clusters and fluorescent 

nanodiamonds.
17

 QDs are made of elements from the II and VI periodic groups (i.e., ZnS, 

BODIPYS

Rhodamines Indocyanines

Porphyrines
Phthalocyanines
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CdSe or CdTe compositions for instance), or more recently from the III / V periodic groups 

(InP) as well as the IV / VI periodic groups (PbS, PbSe, PbTe).
28

 They are chemically grown 

and their optical properties display tunable, narrow and symmetric emission bands, long 

luminescence lifetime and they are highly photostable.
34-36

 Cadmium-free nano-crystals 

emitting in the near-infrared region have also been developed that are particularly attractive 

for in vivo applications.
37-41

  

  Single-walled carbon nanotubes (CNTs) are explored as potential imaging tools.
42

 CNTs are 

promising NIRF nanomaterials for molecular imaging, due to their NIR excitation and 

emission as well as large Stokes shift, photostability and high surface areas.
43

   

  Emission from small noble metal (Au, Ag) nanoparticles, with sizes below 2 nm, has gained 

significant attention in the field of bio-imaging.
44

 Nanoparticles with a small number of 

atoms, in sizes comparable to the Fermi wavelength, display size-dependent emission.
45

 

These nanoparticles are attractive for bio-imaging applications due to their low cytotoxicity 

and their ultrasmall sizes.
46

 Recently, the preparation of NIR AuNPs & AgNPs with 

reasonable quantum yields, has been described and it opened the possibility for many in vivo 

imaging applications.
47-51

 

  In addition to the NIRF materials mentioned above, fluorescent nanodiamonds (FNDs)  

have drawn much attention in recent years as a promising fluorescent nanoprobe for 

bioimaging applications.
52

 Type Ib nanodiamonds emit bright fluorescence at 550–800 nm 

from nitrogen-vacancy point defects, (NV)
0
 and (NV)

−
, and together with their bio-inertness, 

lack of cytotoxicity, high photostability makes nano-sized diamonds a promising fluorescent 

probe for single-particle tracking in heterogeneous environments.
53

 The detailed overview 

about the optical properties, spin properties and surface functionalisation of nanodiamonds 

are described in section 1.4. 

 

1.1.4. History of fluorescence probes in medical imaging 

  There is a long history of fluorescence imaging in medicine. For human treatment, only the 

NIR fluorophore indocyanine green (ICG) has been approved by the US Food and Drug 

Administration (FDA).
28

 Since 1970s, ICG has been used for retinal angiography, cardiac 

output and hepatic function assessment,
54

 as an intra-operative staining fluorophore in 

surgery to image vascular network,
55

 bile ducts,
56

 and the demarcations of liver segments and 

sub-segments.
57

 

  The first clinical trials in the field of oncology using fluorescence as an image-guiding intra-

operative method for sentinel lymph node resection have been published in 2008/2009 by 
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Frangioni’s and Sevick-Muraca’s groups,
58,59

 and also by three Japanese teams using the 

“Photodynamic Eye” developed by Hamamatsu.
60-62

 Precious insights about the possibility of 

metastatic progression have been obtained by removing the sentinel lymph node, first lymph 

node draining the tumour, and analysing it to determine the presence or absence of malignant 

cells.
63

  Methylene blue (emission ≈ 700 nm, Figure 1.4.), another dye mainly used until now 

for its colour staining properties, is also slightly fluorescent in the near infrared domain.
64

 

Methylene blue recently allowed the identification of bile ducts and ureters during 

fluorescence-guided surgery.
56,65  

 

Figure 1.4. Near Infrared fluorescent dyes that have been used for clinical trials. 

 

  Another fluorescent dye, Omocianine (emission > 750 nm, Figure 1.4.), has been applied for 

the detection of malignant breast lesions in women suspected of breast cancer.
66,67

 All these 

very recent studies (<4 years) demonstrate that clinical fluorescence imaging is exponentially 

growing, and will soon be used in more surgery and other applications. However, there is also 

evidence of the poor availability of approved near infrared probes (only ICG is validated by 

the FDA for fluorescence imaging, whereas Methylene blue and Omocyanine have been 

accepted in selected clinical trials).
28

 Hence, there is a large avenue for the development of 

more efficient NIRF probes.  

 

 

ICG

Omocyanine

Methylene Blue
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1.2. Comparison of Nanoparticles and Organic Dyes as Fluorescent Labels 

  The success of an imaging method, to a great extent, is determined by the physicochemical 

properties of the chromophore used.
68,69

 These include its chemical nature, size, 

biocompatibility and the interaction between the fluorophore and biological system. 

Fluorophore properties affect the detection limit and the reliability of the readout for a 

particular target or event, and the suitability for multiplexing, that is, parallel detection of 

different targets. Broadly there are two different kinds of fluorophores: (i) small molecule 

organic dye molecular systems with a defined structure, (ii) nanocrystal chromophores with 

size-dependent optical and physicochemical properties. While these fluorescent probes 

exhibit varying levels of sensitivity, each offers advantages as well as disadvantages in terms 

of biological imaging applications.  

 

  Organic fluorescent dyes have well-defined chemical structures, which can be tailored 

according to the desired optical and chemical properties, and they are mostly commercially 

available also in larger quantities. The optical properties of organic dyes depend on the 

electronic transition (s) involved and can be fine-tuned by elaborate design strategies if the 

structure-property relationship is known for the given class of dye.
68,70

 The emission of 

organic dyes typically originates either from an optical transition delocalized over the entire 

chromophore or from intramolecular charge transfer transitions.
68

 The photoluminescence of 

nanoparticles has a very different origin, depending on the type of nanomaterial: 

semiconductor QDs luminescence by recombination of excitons,
35

 rare-earth doped 

nanoparticles photoluminescence by atom orbital (AO) transitions within the rare-earth ions 

acting as luminescent centers,
71

 electron transition from d band to sp band in novel metal 

clusters
44

 or NV center in fluorescent nanodiamonds
6
. Optical properties of luminescent 

nanoparticles are very different, depending on the material they consist of. 

 

  The common fluorophores in the near-infrared domain (600–900 nm), mainly rhodamines, 

cyanine, bodipy, porphyrine and phtalocyanine - are resonant dyes that are characterized by 

slightly structured, comparatively narrow absorption and emission bands that often mirror 

each other, a small stokes shift.
11

 The poor separation of the absorption and emission 

spectrum favors cross-talk between different dye molecules. In comparison to organic dyes, 

the spectral position of absorption and emission are tunable by the particle size (quantum size 

effect) and depend on the individual nanomaterial.  
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  In general, the molar absorption coefficient of nanoparticles is larger than organic dyes.
72

 

Typical molar absorption coefficients are 100,000 – 1,000,000 M
–1

cm
–1

, whereas for dyes, 

molar absorption coefficients at the main (long-wavelength) absorption maximum are about 

25,000–250,000 M
–1

cm
–1

.
68

 Fluorescence quantum yield of nanoparticles (e.g., QDs) is high 

in the visible range (400–700 nm) as well as in the NIR (≥700 nm) region.
73-75

 In contrast, the 

more red-shifted the emission of organic dye is, the lower its fluorescence quantum yield.
76,77

  

As compared to organic dyes, another favorable feature of nanoparticles is the typically very 

large two-photon absorption cross-section.
77,78

 For this reason nanoparticles are very suitable 

for multiphoton microscopy, which enables deep imaging of a variety of biological samples 

with less overall photobleaching than with wide-field or confocal microscopy. 

 

  The fluorescence lifetime of organic dyes is about 5 ns in the visible light and 1 ns in the 

NIR wavelengths.
79

 In the case of nanoparticles, the comparatively long lifetimes (typically 

five to hundreds of nanoseconds) enable straightforward temporal discrimination of the signal 

from cellular autofluorescence and scattered excitation light by time-gated measurements, 

thereby enhancing the sensitivity.
80

 However, in contrast to the monoexponential decay of 

organic dyes, nanoparticles show complicated size, surface, wavelength and time dependent, 

bi- or multiexponential decay behavior
81,82

  which renders species identification from time-

resolved fluorescence measurements very challenging. This is an inherent disadvantage of 

these materials. 

 

   Organic fluorophores are prone to photobleaching. The best organic dyes undergo 

approximately ~10
7
 excitation cycles before permanent photobleaching as a result of highly 

reactive triplet dark states.
83-85

 The long triplet state increases the probability of a covalent 

modification of the dye which makes the dye permanently nonfluorescent.
85

 Photobleaching 

leads to a steady decrease in the emission.
86

 Higher excitation intensities are needed to 

increase emission rates, which lead to more rapid photobleaching and phototoxicity.
87

 Higher 

excitation intensities result in both increased background and the contrast decreases 

significantly. Lack of the photostability consequently does not allow the tracking of cellular 

events that happen over minutes to days. Imaging applications need to balance between 

sufficiently high emission intensities on the one hand and low enough excitation intensities at 

the other hand. This is particularly evident for imaging smaller sub-cellular structures, which 

utilize fewer fluorescent labels so that higher excitation intensities are needed to generate 

sufficient emission. In addition, many NIR dyes, such as the clinically approved indocyanine 
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green (ICG), suffer from poor thermal stability in aqueous solution.
88

 In contrast, 

nanoparticles display excellent thermal, photochemical stability and photo-oxidation is 

almost completely suppressed for relevant time intervals.
82,89

 This is a considerable advantage 

over organic fluorophores for single molecule spectroscopy applications where intense laser 

excitation sources are used.
90

  

  Labeling of biomolecules, such as peptides, proteins or oligonucleotides with a fluorophore 

requires suitable functional groups for covalent binding or for noncovalent attachment of the 

fluorophore. The advantage of organic dyes in this regard are the already well established 

protocols and commercial availability of a toolbox of functionalized dyes.
69

 Furthermore, the 

small size of organic dye labels minimizes possible steric hindrance, which can interfere with 

biomolecule function, and allows the attachment of several fluorophores to a single 

biomolecule to maximize the fluorescence signal. In contrast, several biomolecules are 

typically attached to a single nanoparticle, and it is difficult to control biomolecule 

orientation.  

   Nanoparticles are very well suited for in vivo imaging due to their tunable 

pharmacokinetics, ability to deliver large payloads, and incorporation of targeting groups. 

Due to the “enhanced permeability and retentionˮ (EPR) effect, nanoparticles passively 

accumulate in tumours more efficiently than in healthy tissues.
91

 The tumor accumulation can 

also be enhanced by the decoration of the nanoparticle surface with targeting ligands, which 

is able to specifically bind to receptors overexpressed by many tumour cells. The tumour 

accumulation leads to increased signal-to-background ratio. However, this is not the case for 

small organic fluorescent dyes, which undergoes fast body clearance. 

 

1.3. Gold Nanoparticles (AuNPs) for Bioimaging Applications 

  Atom clusters with sizes in the range of 1-100 nm are denoted nanoparticles.
92

 

Nanoparticles consist of different numbers of atoms or molecules bound together and they are 

usually of intermediate sizes ranging between individual atoms and bulk material.
92

 Since 

nanoparticles are larger than individual atoms and molecules but smaller than the bulk solid, 

materials in the nanometer size regime reveal a number of particular features that are 

somewhat in between a macroscopic solid and an atomic or molecular system.
92

 There are 

three major reasons that explain these differences: the existence of a high surface-to-volume 

ratio,
93-95

 quantum size effects,
96

 and electrodynamic interactions.
97

 Nanometer-scale metal 

particles exhibit optical properties of great aesthetic, technological, and economic value. 

Colloidal solutions of the noble metals, particularly gold nanoparticles (AuNPs), have 
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received considerable attention due to their ease of synthesis, unique optoelectronic 

properties, readily tunable sizes, shapes and facile surface functionalisation thus offering an 

attractive platform for diagnostics and therapeutics application.
98

  

 

1.3.1. Synthesis and surface functionalisation of AuNPs  

  During the past two decades, numerous methods for preparing AuNPs have been developed, 

mainly focusing on controling their size, shape, solubility, stability, and surface functionality. 

The scientific synthesis of colloidal gold reports back to the work of Michael Faraday in 

1857.
99

 He prepared gold hydrosols by reduction of an aqueous solution of chloroaurate with 

phosphorus dissolved in carbon disulfide.
99

 Later in 1951, Turkevich developed the synthesis 

of AuNPs, using citrate reduction of HAuCl4 and in 1973, G. Frens demonstrated procedures 

to control AuNPs size by varying the ratio of gold salt to sodium citrate.
100,101

 A significant 

breakthrough in AuNPs synthesis has been achieved by Brust and Schiffrin in 1994.
102

 They 

reported the stabilisation of AuNPs utilizing strong thiol−gold interactions (the 

Brust−Schiffrin method).
102

 These thiol-protected AuNPs displayed superior stability due to 

strong thiol−gold interactions and they can be easily functionalized.
102

 Nowadays, the particle 

sizes of AuNPs can be tuned by varying the reaction conditions, such as the gold/thiol ratio, 

temperature and reduction rate.
103

 In general, the reduction of metal ions in aqueous solution 

results in the formation of large nanoparticles due the high tendency of NPs to aggregate.
104

 

In order to prepare fluorescent AuNPs with dimensions smaller than 2 nm, the aggregation of 

nanoparticles needs to be prevented. In addition, the nature of the ligands used for capping 

the particle surface, can markedly affect their emission properties.
105

 Therefore, choosing 

suitable agents capable of stabilizing clusters from aggregation to enhance their stability is of 

key importance for obtaining small, highly fluorescent AuNPs.
106,107

 Even though first 

fluorescent noble metal nanoparticles report back to 1969, they have not received much 

interest due to their extremely low quantum yield (QY) of 10
−10

.
108

 Recently, however, 

researchers have developed various approaches to synthesize water-soluble, fluorescent metal 

NPs with much enhanced QYs in the range of 56 %.
109

  Thiol-containing small molecules are 

the most commonly adopted stabilizers in metal nanoparticle synthesis due to the strong 

interaction between thiols and Au.
110

 The facile one pot synthesis of AuNPs has been 

developed by simply reducing Au
3+

 with NaBH4.
48

 In addition, glutathione,
111-113

 tiopronin,
114

 

mercaptopropionic acid,
115

 thioctic acid,
48

 have shown to be excellent stabilizers for the 

synthesis of AuNPs with visible-NIR luminescence. Based on their capability of sequestering 
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metal ions from solution, PAMAM dendrimers have also been utilized as templates to 

prepare small metal NPs.
44,116,117

 There are also several recent reports on the synthesis of 

polymer-stabilized fluorescent AuNPs. For instance, AuNPs capped with polyethylenimine 

(PEI),
118

 poly(N-vinylpyrrolidone) (PVP )
119

 amino-terminated poly(1,2-butadiene)
120

 water-

soluble polymethacrylic acid,
121

 have been reported with reseaonable quantum yield. Proteins 

also offer excellent scaffolds for template-driven formation of small metal NPs. Many 

proteins, such as, bovine serum albumin (BSA),
7
 lysozyme,

122
 transferrin,

123,124
 horseradish 

peroxidase (HRP),
125

 have been reported to sequester and reduce Au
3+

 to Au
0
 in situ, and 

thereby producing a simple, green synthetic route for the preparation of fluorescent AuNPs.
7, 

116-119
 

  Regardless of the synthetic strategy used, successful integration of luminicent nanocrystals 

into a biological environment requires stability over a broad range of conditions, such as at 

pH ranges between 2-9, at high ionic strength or in the presence of cellular proteases.
126

 One 

step facile synthesis of highly stable AuNPs with different functional end groups (biotin, 

amino, and carboxyl groups) has been developed.
127

 The availability of different kinds of 

reactive groups will allow covalent reaction schemes to attach AuNPs to a variety of 

bioreceptors.
128

 The attachment of specific biomolecules (e.g., peptides and proteins) at the 

nanocrystal surfaces offers access to a NP-based technology for sensing, imaging, and in vivo 

tracking.
129

  

 

1.3.2. Size-dependent optical properties of AuNPs 

  AuNPs possess unique optical and electronic properties mainly due to the surface plasmon 

resonance (SPR), which results from the resonance between the incident photon frequency 

and the collective oscillation of the conduction band electrons.
92

 AuNPs with dimensions 

smaller than the electron mean free path (ca. 20 nm), exhibit SPR absorption at around 520 

nm, corresponding to the frequency of coherent oscillation of the conduction band electrons 

induced by the interacting electromagnetic field.
130

 The resonance frequency of this SPR is 

strongly dependent on the size, shape, interparticle interactions, dielectric properties and the 

local environment of the nanoparticle.
131

 With increasing nanoparticle sizes, a red shift of the 

SPR is observed due to electromagnetic retardation in larger particles.
131

 The aggregation of 

AuNPs results in significant red-shifting (from ~520 to ~650 nm) and broadening in the SPR, 

changing the solution color from red to blue due to the interparticle plasmon coupling.
132,133

 

This phenomenon is very attractive for colorimetric sensing.
98

 Metal nanoparticles exhibit a 

continuous density of states due to the overlapping atomic orbitals as described by the band 
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theory.
134

 As a result of the overlapping atomic orbitals, valence and conduction bands are so 

close in energy for a metal that there is no band gap. Hence larger (>2 nm) gold nanoparticle 

donot fluoresce anymore. However, as the nanoparticle gets smaller in size the number of 

atoms as well as the number of orbitals is reduced. As a result, small nanoparticles or 

quantum clusters no longer allow the plasmon excitation unlike their larger counterpart.
135-137

 

In nanoclusters, the conduction and valence bands become discrete leading to an energy gap 

that increases with decreasing size.
138

 This becomes particularly relevant to the electronic 

properties of the metal cluster when the size approaches that of the deBroglie wavelength of 

electrons at the Fermi energy level, at which point the system clearly exhibits molecular 

states.
139

 Thus, clusters of these size exhibit molecular properties such as a separation 

between electronic states analogous to HOMO and LUMO of molecule. At this small size 

regime, the excited state gets sufficiently populated for light emission. The AuNPs emit from 

the blue to the near-IR region and the emission wavelength depends on the number of atom 

within the cluster due to the transitions between electrons in the sp conduction band and holes 

in the d-band generated by optical excitation (Figure 1.5.).
106,116

  Upon decreasing the sizes  

of homologous stabilizer-protected AuNPs, the emission wavelength undergoes a blue 

shift.
116

 The emission wavelength of AuNPs can be tuned by changing the capping 

molecules, and a single light source is needed for simultaneous excitation of all different-

emissive nanoclusters, which is similar to semiconductor quantum dots.  

Figure 1.5. A simple energy diagram of photoluminescence in AuNPs. Absorption of a 

photon excites an electron from the d band to the sp band above the Fermi level. Radiative 

recombination between an electron and the excited hole, results in the emission. (Image 

Ref
44

) 
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  In this dissertation work, in addition to NIR emitting fluorescent AuNPs, NIR emitting 

fluorescent nanodiamonds (FNDs) have been used for bioimaging and sensing applications. 

Unlike AuNPs, fluorescent nanodiamonds exhibit size independent optical properties. In 

addition to optical properties, the negatively charged lattice defects in FNDs, is of particular 

interest because of its spin properties. The optical and magnetic properties of FNDs promise 

to be the foundation of a variety of biomedical, magnetic and quantum applications. The 

detailed overview of nanodiamond is the following. 

 

1.4. Overview of fluorescent nanodiamonds (FNDs) 

1.4.1. Preparation of nanodiamonds  

  In 1960s nanodiamonds were first prepared by detonation or shockwave synthesis 

methods.
140

 The soot of the detonation of certain explosives, for example, TNT–hexogene 

mixtures contains nanoscale diamond.
140

 This so-called detonation diamond consists of tiny 

diamond crystallites of about 5 nm in size.
141

 For large industrial scale production of 

nanodiamonds, commonly used methods are HTHP (high temperature high pressure 

synthesis) and CVD (chemical vapor deposition). The size and surface property highly 

depends on the method used for their production.
142

 The main surface groups that are found 

on diamond nanoparticles include -COOH and C=O groups in addition to different alcohol 

functions (tertiary, secondary, primary) and ether groups.
143

 However, other structural 

elements, such as areas with sp
2
 carbon of different nature (isolated double bonds, extended 

areas with π-conjugation up to graphene-like or graphitic structures) are also detectable on 

nanodiamond (Figure 1.6). Additionally, the purification of nanodiamonds is most often 

carried out using oxidizing mineral acids and/or air oxidation
144,145

 which leads to carboxyl 

groups on the diamond surface. However, nanodiamond prepared by CVD method would 

carry hydrogenated surface.
146  

Figure 1.6. Surface functional groups of detonation diamond and its oxidation to 

carboxylated nanodiamond.
147,148
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1.4.2. Creation of NV centers at the diamond surface 

  In order to controllably create NV centers, highly sofisticated techniques have been 

developed.
142-144

 Diamonds are firstly irradiated by high-energy particles such as electrons, 

protons, neutrons, ions and gamma particles, which produce lattice vacancies.
149,150

 Then the 

sample is annealed at temperatures around 800
0
C, in order to mobile the vacancies. At this 

temperature, substitutional nitrogen produces strain in the diamond lattice and efficiently 

captures moving vacancies, then forms the NV color center.
151

 Another approach of creating 

NV color centers is nitrogen implantation in a very pure type IIa diamond.
152

 In this 

approach, nitrogen atoms are implanted by focusing a nitrogen ion beam on the diamond 

surface by focusing a nitrogen ion beam on the diamond surface. The CVD-grown diamond, 

NV centers can be created during the synthesis process. The NV color center incorporated 

diamond film can be grown with 0-0.1% N2, 0.7% CH4, 99.2% H2 gas mixture, at about 

800
0
C substrate temperature and low pressure.

153
 The NV center concentration varies with 

the nitrogen doping levels. Single defects can be created by optimizing the nitrogen doping 

levels. Moreover, it is perfectly photostable, showing no sign of photobleaching even under 

high-power excitation at the single molecule level.
154

 

 

1.4.3. Surface functionalisation of nanodiamond 

Figure 1.7. Surface chemistry with carboxylic groups terminated nanodiamond. 

  

 Nanodiamond surfaces are typically covered by a variety of oxygen-rich functional groups, 

including esters, hydroxyls and carboxylic acids.
155

 The process for nanodiamond 
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functionalisation usually begins with nitric and/or sulphuric acid treatment, which removes 

the surface graphite and uniformly terminates the diamond surface with carboxylic acid 

groups.
156

 Hydroxyl group terminated  nanodiamonds can be prepared by treating 

nanodiamonds with reducing agent.
157

Carboxylated nanodiamonds can be covalently 

functionalised via carbodiimide chemistry.
158,159

 Ligands with free amino or hydroxyl groups 

have been covalently coupled to nanodiamonds via amide or ester linkage.
53,147,159-162

 

Nanodiamonds can also be modified through the chemistry of graphitic carbon on the surface 

by means of Diels–Alder reactions
163

 and diazonium chemistry.
164-166

  

 

  In addition to covalent surface modification, oxidised nanodiamond surfaces can be 

functionalised non-covalently by adsorbing bio-active molecules via hydrogen bonding, 

electrostatic or other polar interactions (physisorption).
167

 Diamonds have been used to 

adsorb small organic molecule drugs
168,169

 or macromolecules such as proteins,
170-173

 

hormones,
174

 antibodies,
175

 DNA,
176

 colagen
177

 or fibrinogen
178

  for the production of sensing 

devices, purification of proteins or the delivery of therapeutic agents. A distinct feature of 

nanodiamonds is that many different functional groups can be attached to their surface 

without compromising the optical and spin properties of the diamond core.
179

  

 

1.4.4. Optical properties of fluorescent nanodiamonds (FNDs) 

  Type Ib diamonds emit bright fluorescence at 550–800 nm due to imperfections called 

nitrogen-vacancy (NV) centers or color centers — a nitrogen atom next to a vacancy (Figure 

1.8). FNDs do not blink like quantum dots or bleach like organic dyes. Their “perfect 

photostability” makes FNDs useful for long-term tracking inside cells, such as following 

molecular motors.
180

 The photostability also means nanodiamond could be used to monitor 

cell processes at the nanometer scale by super-resolution microscopy.
181

 

 

  The NV color center exhibits two charge states: neutrally charged NV
0
, with a zero-phonon 

line at 575 nm (2.156 eV)
182

 and negatively charged NV
−
, with a zero-phonon line at 637 nm 

(1.945 eV)
149

. The bound states of this deep NV
−
 center are multiparticle states composed of 

six electrons: five contributed by the four atoms surrounding the vacancy, and one captured 

from the bulk.
183

 The NV
−
 color center has a long lifetime metastable level. When excited 

with a strong laser power, the electron will be populated to the metastable level and results in 

the bunching effect.
184

 In contrast, all the observations on single NV
0
 color centers showed no  
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Figure 1.8. (a) Structure of the nitrogen-vacancy (NV) defect in diamond. (Image Ref
189

) (b) 

Emission spectra of fluorescent nanodiamond. Excitation wavelength of 532 nm.  

 

bunching effect. When the NV center is present in a diamond crystal, a single charge state 

often dominates but both charge states can co-exist.
185

 The NV color center is able to switch 

between different charge states. These two charge states could be created independently but  

also can be transformed from one to the other by applying different kinds of excitations.
186

 

This transformation is called photochromic effect since it changes the band gaps between two 

charge states.
186

 Photochromic effects of an ensemble of NV color centers, and verified the 

proportion of the NV
−
 and NV

0
 color centers as a function of the excitation wavelength and 

excitation time.
186

 All these observations were generally attributed to electron excitation and 

capture dynamics between nearby nitrogen donors and NV centers. The high excitation 

power converts NV
0
 to NV

−
, which leads to red shifts of the optical spectra. This 

photochromic effect is reversible.
152

 After decreasing the excitation power to the centers, it 

returns to the NV
0
 form. The quantum yield of NV center is 70% and the luminescence decay 

time of the 1.945 eV centre in type Ib diamond is 11ns.
187

  

 

1.4.5. Spin Properties of FNDs 

  The NV
–
 centre is of particular interest because it has an S = 1 spin ground state that can be 

spin-polarized by optical pumping and manipulated using electron paramagnetic 

resonance.
188

 Two out of six electrons of the centre are unpaired, forming an electron spin 

triplet in the electronic ground and first excited state. Hyperfine coupling constants to the 

nitrogen nuclear spin and carbon spins in the first coordination shell show that roughly 70% 
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of the unpaired electron spin density is found at the three nearest neighbouring carbon atoms, 

whereas the spin density at the nitrogen is only 2%.
188

 The electrons spend most of their time 

at the three carbons next to the vacancy. Broadband optical excitation of the centre polarizes 

it by optical pumping into the ms=0 spin sublevel. Laser-assisted detection of the spin state of 

a single nitrogen-vacancy centre makes use of differences in the absorption and emission 

properties of the spin sublevels. Specifically, the spin sublevel with a magnetic quantum 

number of ms=0 (bright state) scatters, 30% more photons than ms=±1 states. Hence, when a 

resonant microwave field induces magnetic dipole transitions between these electronic spin 

sublevels, it destroys the optically pumped spin polarization, resulting in a significant 

decrease of the nitrogen-vacancy centre fluorescence.
189

  

  As shown in Figure 1.9. the lowest energy bound state is a spin triplet (
3
A2) whose spin 

sublevels differ slightly in energy. A spin-conserving optical transition exists between the 
3
A2 

state and an excited-state triplet (
3
E) 1.945 eV higher in energy. In addition, there exists a 

spin-selective decay path between these two states that includes a nonradiative transition 

from 
3
E to an intermediate spin singlet (

1
A1). In combination, these transitions allow the 

 

 

Figure 1.9. Multiplet structure of the NV
−
 center in diamond. A 1.945-eV in conserving 

optical transition exists between the ground- (
3
A2) and excited-(

3
E) state triplets. Transitions 

from the ms =±1 sublevels of 
3
E to an intermediate spin singlet (

1
A1) are much stronger than 

those from the ms=0 sublevel. The spin-selective nature of this decay path can be used in 

conjunctionwith the 1.945 eV transition to optically polarize and measure the spin state of 
3
A2. (Image Reference)

190
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center to be optically initialized and measured. That is, they allow the defect to be optically 

pumped into the ms=0 sublevel of 
3
A2, and they cause the fluorescence intensity between 

3
E 

and 
3
A2 to be spin-dependent.

191
 Spin dependent optical property makes NV centre a 

promising candidate for nanoscale magnetometry and imaging with extraordinary spatial 

resolution, field precision, linearity and directional sensitivity.
189
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Aims and Motivations 

  Over the past decade, concepts and tools derived from nanotechnology have been applied to 

further improve imaging techniques and diagnosis methods. Fluorescent nanoparticles (NPs), 

especially those emitting in the near infrared (NIR), are one of the most promising and highly 

sensitive tools for diagnosis of diseases at the cellular and animal level. In particular, the 

development of multi-functional NPs, which allow the conjugation of several functional 

groups including cell targeting moieties or therapeutic agents, provides new avenues for 

clinical therapies and diagnostics.  

     Recently, luminescent gold NPs (AuNPs) and fluorescent nanodiamonds (FNDs) have 

emerged that hold great promise for many applications such as luminescence imaging, drug 

delivery or quantum engineering. However, to address these applications, the surface of these 

nanoparticles needs to be functionalized with a variety of ligands such as small molecules, 

surfactants, polymers or biomolecules. In addition, for biological applications, e.g. in a 

cellular environment, colloidal stability is crucial. In this context, polymer coatings offering 

multiple stabilizing anchor groups seem particularly appealing to achieve manoparticles with 

high colloidal stability in water. The polymeric coatings not only impart water solubility but 

they also serve as a versatile platform for further chemical modifications or bioconjugation 

reactions since biomolecules can be covalently linked to the polymer surface. There are 

several synthetic polymers that have been used for the coating of NPs, for example 

poly(acrylic acid), poly(maleic anhydride), polylysine or dextran among others. Although 

many polymer coated non-fluorescent nanoparticles have been reported, only limited 

attempts have been made to prepare multifunctional polymer coated NPs emitting in the NIR. 

In most cases, the synthetic polymers used are polydisperse and contain only one or a very 

limited set of chemically reactive repeat units. It is therefopre highly desirable to prepare 

AuNPs and FNDs coated with a hydrophilic polymer that efficiently stabilizes these 

nanoparticles but that also contains multiple functional groups that offer the attachment of 

drug molecules, cell targeting groups. In addition, biocomaptibilty, reduced non-specific 

adsorbtion and low immunogenic responses represent additional key features.  

 

  This thesis aims to develop multifunctional, highly stable, nontoxic nanoemitters emitting in 

the near infrared (NIR) region such as gold nanoparticles (AuNPs) and fluorescent 

nanodiamonds (FNDs) that can be easily functionalized. Such particles would be very 

attractive for bioimaging and sensing applications. The synthesis of an optimal coating of 
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these NPs represents a key step to achieve this goal. Protein derived polypeptide copolymers 

have been selected due to the availability of multiple reactive groups along the backbone of 

these biopolymers. 

 

  Chapter 2 deals with the synthesis of these multifunctional, narrowly dispersed polypeptide 

copolymers. Some known copolymers containing long polypeptides chains have been 

resynthesized to assess their suitability for the stabilization of NPs. In addition, novel 

polypeptide copolymers based on shorter main chains and a higher degree of structural 

perfection will be prepared from protein precursor using the established “denaturation-

pegylation” strategy. The backbone lengths, net charges, as well as the secondary structural 

elements have been varied to assess the impact of these features on copolymer formation and 

particle stabilization. One attractive feature of these copolymers is the presence of various 

functional groups at precise positions, such as primary amines of lysine residues, carboxylic 

groups of aspartic and glutamic acids, hydroxyl groups of serine, tyrosine and guanidine 

groups of arginine residues, which in principle allow additional functionalization with 

biomolecules. The semi-synthetic method for the preparation of multifunctional copolymers 

from protein precursor presented herein will help to overcome the challenges such as 

polydispersity, repeated amino acids, sophisticated procedures, low yields and high costs of 

traditional ring-opening polymerization, solid-phase peptide synthesis or genetically 

engineered protein expression method for synthesis of polypeptidic materials.  

 

  In chapter 3 the multifunctional copolymers prepared in chapter 2 will be further 

functionalised with e.g. thioctic acid groups that can interact with metal surface. These 

thioctic acid appended copolymers offer great potential to prepare ultrasmall, highly stable, 

nontoxic NIR emitting AuNPs in situ. These AuNPs will be investigated in view of their 

possibility to cross biological barriers and traffick into the cytoplasm by sparing out the cell 

nucleus. The presence of many different functional groups at the surface of AuNPs in 

principle allows post-modification of the AuNPs with different bioactive molecules such as 

drug molecule, DNA and deliver the payload inside the cell. After successfully developing 

multifunctional NIR emitting AuNPs that can enter inside the cell and locate itself in the 

cytoplasm, fluorescent NIR emitting AuNPs for the visualization of particular cellular 

organelle will be prepared. A particularly desirable target is the cell nucleus, since the genetic 

information is located there. Due to the impermeable nature of the nuclear membranes, the 

translocation efficiency of nanoparticles into the cell nucleus is very low; thus nanoparticle 
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design, its size and synthesis is a critical factor. Ultrasmall NIR-emitting AuNPs will be 

decorated with an NLS peptide that targets the cell nuclei as demonstrated by confocal 

microscopy. 

  In this thesis work, another type of non-metalic carbon based nanoparticles will be 

discussed, such as fluorescent nanodiamonds (FNDs) to address bioimaging and sensing 

applications. In contrast to AuNPs, FNDs reveal size independent optical properties. FNDs 

emit bright fluorescence in near infrared region (550–800 nm) due to imperfections called 

nitrogen-vacancy (NV) centers. Their “perfect photostability” and non-blinking makes FNDs 

useful for long-term tracking inside cells and they could be used to monitor cell processes at 

the nanometer scale. One of the major callenges of this thesis relates to the high tendency of 

FNDs to form aggregates and these aggregates can even withstand ultrasonic treatment. In 

chapter 4 copolymers will be applied to coat the nanodiamonds by non-covalent interactions. 

Polypeptide copolymer coated nanodiamonds have been applied that showed enhanced 

stability and resistance towards aggregation. The nitrogen-vacancy centers (NV
–
) centre is 

paramagnetic, has a triplet ground state and its fluorescence depends on the spin state. This 

allows the optical detection and coherent manipulation of the electron spin from single NV 

centers even at room temperature. NV centers are very promising for magnetic field sensors. 

We have applied FNDs towards the implementation as magnetic sensor of biologically 

important metalloprotein, such as ferritin by investigating the influence of ferritin on the spin 

properties of single NV centers in FNDs.  
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Chapter 2. Preparation of Monodisperse, 

Multifunctional Polypeptide Copolymers 

 
Declaration 

  This chapter contains experimental results published previously in Biomacromolecules 

2012,13,1890 written by Wu, Y.; Pramanik, G.; Eisele, K.; Weil, T. "Reprinted with 

permission.
19

 Copyright 2012 American Chemical Society." The preparation and 

characterization of dcBSA-PEO(5000)28 and dHSA-PEO(5000)27 have been developed by 

Ms. Wu Yuzhou, Institute of Organic Chemistry III–Macromolecular Chemistry and Organic 

Materials, Universität Ulm and are part of her thesis and the synthesis have been repeated in 

this chapter. Experiments with Ovomucoid and Kunitz have been accomplished together with 

Ms. Ayse Guenay under my supervision and based on my synthetic protocols and they were 

partly also included in her master’s thesis, Institute of Organic Chemistry III–

Macromolecular Chemistry and Organic Materials, Universität Ulm. 

 

2.1. Introduction 

  The use of nanoparticles (NPs) in biomedicine, in particular in the field of diagnosis and 

therapy of human diseases, has rapidly grown in the last  decade.
1
 Much effort has been made 

towards surface modification of nanoparticles (NPs) by various organic compounds in order 

to develop new building blocks for biomedical applications.
2
 In the past decade, the design 

and preparation of polymer-functionalized NPs have attracted great interest.
3,4

 Strategies have 

been developed to tailor NPs surfaces by various polymers, e.g. thermo-responsive Poly(N-

isopropylacrylamide) (PNIPAM),
5
 poly(methyl methacrylate) (PMMA),

6
  diblock 

copolymers,
7
 dendrimers,

8
 poly-(ethylene glycol)-based glycopolymers,

9
 polystyrene

10
 etc. 

The commonly followed strategies towards functionalization of NPs with polymers are (i) 

direct encapsulation of the NPs by polymers, (ii) ligand exchange of the original surfactant 

with polymers.
11

 The thiol groups on the polymer backbone provide strong chemisorption to 

the NPs surface, and the carboxyl or amine groups impart water solubility for further 

functionalization.
1
 Most of the polymers used for coating of NPs are synthetic. Generally, the 

well-defined synthetic polymers exhibit well-defined and fine-tunable degradation kinetic as 

well as mechanical properties.
12

 In comparison, polypeptide based materials offer several 

advantages over traditional synthetic polymers towards biomedical applications.
13

 In this 

chapter, I present new methods to prepare highly monodisperse, multifunctional polypeptide 
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copolymers with different lengths of the main chains, which have later (Chapter 3 & 4) been 

used for stabilization of fluorescent nanoparticles. I have used native proteins or modified 

globular proteins as starting materials. The application of proteins as a starting material for 

the preparation of polypeptide copolymers offers many potential advantages over synthetic 

polymers. First, proteins are known to be perfectly monodisperse and they can be modified to 

prepare perfectly monodisperse polypeptide copolymers.
14

 Second, polypeptide-based 

materials are biocompatible because polypeptides are composed of building blocks that are 

native to all organisms. Third, polypeptide-based copolymers prepared from proteins are 

easily metabolizable by digestive enzymes into innocuous peptides whereas synthetic 

polymers may accumulate in the body and result in toxic degradation product.
15

 Fourth, 

proteins contain various functional groups (-COOH, -NH2, -OH) along the polymer backbone 

which allows the attachment of biomolecules to the polymer using very simple conjugation 

chemistry.
14,16

 Fifth, polypeptides can also be prepared by ring-opening polymerization, 

solid-phase peptide synthesis or genetically engineered protein expression.
17

 But 

polymerization reactions are only able to prepare optically impure polypeptides with repeated 

amino acid sequences and without the sequence specificity of natural proteins, and other 

techniques, such as solid-phase peptide synthesis and protein engineering  are limited by 

sophisticated procedures, low yields and high costs.
17

  In this thesis work, multifunctional and 

structurally defined polypeptide-polyethylene (oxide) copolymers (PP-PEOs) have been 

prepared using five different native globular or modified globular proteins as a starting 

material.      

 

2.2. Results & Discussion 

    Serum albumins (BSA, HSA) are readily available, single chain, high molecular weight (    

66 kD) proteins with very high numbers (   5 3-5 5) of amino acids in the primary structure. 

The primary structure of the albumins contain a large number of functional groups, such as   

100 carbo ylic acid groups,   60 amino groups and in addition 35 cysteine residues in the 

sequence forming 17 disulfide bridges. The high numbers of functional groups are very 

attractive for chemical modifications and preparation high molecular weight polypeptide 

copolymers. Therefore, serum albumin proteins were selected for preparation of high 

molecular weight polypeptide copolymers. The preparation of dcBSA-PEO(5000)28 and 

dHSA-PEO(5000)27 have been reproduced from protocols developed by Dr. Wu Yuzhou 

previously.
18,19

 In this method, the proteins cationised bovine serum albumin (cBSA) and 

human serum albumin (HSA) were denatured by 5M urea and the disulphide bonds are 
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reduced by tris(2-carboxyethyl)phosphine (TCEP) followed by an in situ stabilization with 

polyethylene (oxide) chains which yields polypeptide side chain copolymers of precisely 

defined backbone lengths as described in Scheme 2.1. 

 

 

    However it is very difficult to reduce all 34 disulphide bond of the HSA and cBSA and cap 

them with PEO5000-maleimide to get a complete mono disperse polymer. Even though the 

number of PEO attached to the protein backbone is highly reproducible, the PEO substituents 

might not be located at the same cysteine residue. It is also very challenging to characterize 

the copolymer dcBSA-PEO(5000)28 (2) and dHSA-PEO(5000)27  (4) via MALDI-TOF,  most 

likely due to their high molecular weights. However, to understand the fundamental 

interactions of functional polymers and complex biological systems, such as cells, tissues,  

 

Scheme 2.1. Preparation of dcBSA-PEO(5000)28 and dHSA-PEO(5000)27. 

(The preparation of dcBSA-PEO(5000)28 and dHSA-PEO(5000)27 have been reproduced as 

developed by Ms. Wu Yuzhou previously and is part of her PhD thesis). 

 

specific  organs, and entire organisms, it is also necessary to know the exact sequence of the 

polymers. In my goal to create a protein based copolymer with well defined as well as exactly 

known sequence of attachment of PEO to the backbone, three smaller native protein hen egg 

white lysozyme, Trypsin inhibitor from Glycine max (Kunitz), Trypsin inhibitor from chicken 

egg white (Ovomucoid) have been used. These three proteins have been completely 

denatured and all the disulfide bonds of the respective proteins have been reduced and capped 

with PEO5000. Following this “denaturation-pegylation” strategy I have created three new 

precisely defined polymer systems, referred to as ‘‘Precision Polymers’’.
20

  These polymers 

are as precise as natural proteins. The exact number and the point of the attachment of the 
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PEO to the polypeptide backbone are precisely determined as given in table 2.1. The three 

new copolymers are denoted as  dKunitz-PEO(5000)4  (Scheme 2.2.), dLY-PEO(5000)8  

(Scheme 2.3.),  dOvomucoid-PEO(5000)18  (Scheme 2.4.) “d” refers to the denatured protein 

and the subscript after PEO(5000) refers to the number of PEO grafted onto the protein 

polypeptide backbone. The polymers have been characterized by MALDI-ToF mass 

spectrometry, SDS Page gel, dynamic light scattering (DLS) and zeta potential. Their 

monodispersity was demonstrated using GPC and their secondary structure has been studied 

using CD spectroscopy. 

 

Table 2.1. Point of attachment of PEO to the protein backbone. 

Polypeptide copolymers sequence number cysteine of the PEO attachment to the 

polypeptide backbone 

dKunitz-PEO(5000)4 39, 86, 138 and 145. Ref
21

 

dLY-PEO(5000)8 6, 30 ,64, 76, 80, 94, 115, 127 

Ref-http://www.uniprot.org/uniprot/P00698 

dOvomucoid-PEO(5000)18 5, 22, 30, 41, 44, 62, 70, 87, 96, 106, 109, 127, 138, 146, 154, 

165, 168, 186 

Ref-http://www.uniprot.org/uniprot/P01005 
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Scheme 2.2. (A) Preparation of dKunitz-PEO(5000)4. (B) One letter amino acid sequence of 

Kunitz and the site of PEO attachment to the protein backbone. 

 

Scheme 2.3. (A) Preparation of dLY-PEO(5000)8. (B) One letter amino acid sequence of 

Lysozyme and the site of PEO attachment to the protein backbone.  

≡PEO

B

Kunitz (5) Denatured Kunitz (dKunitz) dKunitz-PEO(5000)4 (6)

A

Yield 38%

Lysozyme (7) Denatured Lysozyme(dLY) dLY-PEO(5000)8  

A

B

≡PEO

Yield 35%
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Scheme 2.4. (A) Preparation of dOvomucoid-PEO(5000)18. (B) One letter amino acid 

sequence of Ovomucoid and the site of PEO attachment to the protein backbone.  

 

2.2.1. Conditions for denaturation of different proteins 

  Conditions for the preparation of five different proteins polypeptide polyethylene oxide (PP-

PEO) copolymers have been screened. The proteins are Human Serum Albumin (HSA), 

cationised Bovine Serum Albumin (cBSA), Lysozyme, Ovomucoid and Kunitz. The brief 

descriptions of the proteins, the denaturing condition used to prepare the PP-PEOs and the 

characterizations are described below.  

 

Human Serum Albumin (HSA) 

  Human serum albumin (HSA) is the most abundant protein circulating in blood and it 

transports a wide variety of ligands like fatty acids, L-tryptophan, hormones, bilirubin, as 

well as many drugs.
22-24

 The protein has a folded three-dimensional structure,
25

 which allows 

it to carry out this transport function very efficiently. This protein of 585 residues is 

composed of a single polypeptide chain with molecular weight of 66.4 kDa,
26-28

 with three α-

helical domains I-III, each containing two subdomains A and B (Figure 2.1.). It contains 17 

intrachain disulfide bonds and a free cysteine residue at position 34 in domain I and a lone  

B

A

Ovomucoid (9) Denatured Ovomucoid (dOvomucoid) dOvomucoid-PEO(5000)18 (10)

≡PEO

Yield 42%
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Figure 2.1: Crystal structure of HSA and the locations of domain-binding sites. The locations 

of hydrophobic binding sites (Sudlow I and Sudlow II) are indicated. The position of the 

tryptophan residue (Trp-214) in the middle of helix H2 in subdomain IIA is shown. The 

structure was obtained from the Protein Data Bank (ID code 1ha2). 

 

tryptophan residue at position 214 in domain II.
26,29

 Urea denatures HSA in a single step 

involving the unfolding of domain II of the protein.
30

  To obtain the high-molecular-weight 

polypeptide copolymer dHSA-PEO(5000)27(4) 5M urea/phosphate buffer (pH 7.4) was used. 

Urea destabilizes the tertiary protein structure by diminishing secondary interactions and the 

reducing agent, tris(2-carboxyethyl)phosphine (TCEP) reduces the disulfide bridges. The 

reduced thiol groups were capped with O-(2-maleimidoethyl)-O′-methylpolyethylene(oxide)-

5000 (PEO(5000)-MI) (Scheme 2.1.).
18

 Because the presence of remaining free sulfhydryl 

groups has a negative impact on the long-term stability of the copolymer, N-(2-

aminoethyl)maleimide has been added after the pegylation step to increase the shelf life of 

the copolymer. This procedure of preparation of HSA-based copolymer (4) has been reported 

previously.
18

 In this thesis, the preparation of dHSA-PEO(5000)27 has been repeated and 

characterised accordingly. dHSA-PEO(5000)27 has been purified by FPLC (Figure 2.2.a). 

The molecular weight of (4) has been assessed by SDS-PAGE (Figure 2.2.d) and Maldi-Tof 

mass spectrometry (Figure 2.2.c), suggesting that the molecular-weight of the biopolymer is 

∼200 kDa. The high molecular weight of 4 indicates that dHSA-PEO(5000)27 carrys about 27 
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PEO(5000) chains.
18

  Furthermore, the polymer dispersity of 4 has been investigated by gel 

permeation chromatography (GPC). A sharp signal indicates a narrow size distribution and 

low dispersity (PDI-1.07) (Figure 2.2.b). 

 

 

Figure 2.2. Purification and characterisation of dHSA-PEO(5000)27. (a) FPLC purification 

chromatograms of an AKTÄ explorer after application of a reaction mixture consisting of the 

dHSA-PEO(5000)27 (4) (blue) and AKTÄ explorer chromatogram of native HSA (brown). 

(b) Gel permeation chromatogram of dHSA-PEO(5000)27 (c) MALDI-TOF spectrum for 

dHSA-PEO(5000)27. The molecular mass is 197kDa according to this spectrum and the peak 

at 106kDa corresponds to the half molecular mass peak. (d) SDS-PAGE analysis of dHSA-

PEO(5000)27 (4).
18

 This image is "Adapted with permission.
18

 Copyright 2010 American 

Chemical Society."  

 

Bovine Serum Albumin (BSA) 

BSA has similar conformation as HSA due to 76% of amino acid sequence homology.
31

 BSA 

contains a single polypeptide chain of 583 amino acids with a molecular mass of 66.5 kDa. It 

is folded into tertiary globular conformation forming three domains.
32

 The native BSA has a 

larger proportion of hydrophobic interior and less non-polar surface at the exterior than 

HSA.
33

 The folding of BSA is characterized by a unique arrangement of nine disulphide 

loops created by 17-disulphide bonds and one free cysteine.
34

 BSA possesses two tryptophan 

residues, Trp-134 located in domain I and Trp-212 in domain II.
35

 The unfolding of BSA is a  
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Figure 2.3. Crystal structure of BSA. The structure has been obtained from the Protein Data 

Bank (http://www.pdb.org/pdb/explore/explore.do?structureId=4F5S). 

 

 

complex process of the independent unfolding behavior of all the three domains. BSA also 

contains a high content of Asp, Glu resulting in a negative zeta potential of bovine serum 

albumin at pH 7.
36

 BSA has been cationised (cBSA-147) by reacting the carboxylic acid 

groups of aspartate and glutamate residues of BSA with ethylenediamine in the presence of 

125 equivalents of 1-ethyl-3-(30-dimethylamino-propyl)-carbodiimide hydrochloride (EDC) 

by following the reported procedure.
37

 cBSA-147 contains about 147 primary amino groups 

and on average only thirteen negatively charged amino acid residues.
37

 Polypeptide 

copolymer dcBSA-PEO(5000)28 has been achieved from cBSA-147 or cBSA  by applying a 

similar “denaturation-pegylation” strategy as HSA.
19

 dcBSA-PEO(5000)28 was purified by 

FPLC (Figure 2.4.a). The Molecular weight of dcBSA-PEO(5000)28 (2) has been found to be 

of about 200kD as analysed by SDS page gel, which is in agreement with previous reports 

(Figure 2.4.c).
19

 The molecular weight of (2) indicates that about 28 PEO have been attached 

to the cBSA-backbone. The sharp GPC peak also indicates low polydispersity (PDI-1.07) of 

dcBSA-PEO(5000)28 (figure 2.4.b). 

 

 

 

 

 

 

 

http://www.pdb.org/pdb/explore/explore.do?structureId=4F5S
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Figure 2.4. Purification and characterisation of dcBSA-PEO(5000)28. (a) FPLC purification 

chromatograms of an AKTÄ explorer after application of a reaction mixture consisting of the 

dcBSA-PEO(5000)28 (2) (blue) and AKTÄ explorer chromatogram of cBSA (brown). (b) Gel 

permeation chromatogram of dcBSA-PEO(5000)28. (c) SDS-PAGE analysis of dcBSA-

PEO(5000)28 (2). Image 2.4.b is "Adapted with permission.
19

 Copyright 2012 American 

Chemical Society."  

 

 

Hen Egg White Lysozyme 

Figure 2.5. Crystal structure of Hen egg white lysozyme. The structure has been obtained 

from the Protein Data Bank (http://www.rcsb.org/pdb/explore/explore.do?structureId=2EPE).  
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The ribbon arrows represent regions of the peptide backbone in β-sheet conformation. 

  Lysozyme is a 14.3 kDa protein that consists of 129 amino acids, with 4 cross-linked 

disulfide bridges, found in animal tissues, organs and serum as well as in tears, milk, saliva, 

nasal secretions and cervical mucus.
38,39

 The major source of commercial lysozyme, in 

particular for pharmaceutical use, is extraction and purification of hen egg albumen. 

Lysozyme concentration in egg albumen is about 0.5%.
40

 Lysozyme is heat-stable (80 °C for 

2 minutes) but gets inactivated at lower temperatures with increased pH.
40

 The optimum 

temperature for activity is 55 °C to 60 °C.
40

 It is known from the literature that guanidine. 

HCl (GuHCl) is more effective in denaturing  lysozyme than urea.
41

 Urea transforms 

lysozyme’s tertiary structure corresponding to a molten globule state without unfolding of α-

helix structures, in contrast GuHCl clearly induces conformational changes, associated with a 

loss of activity.
42

 Upon addition of guanidine to the lysozyme solution, lysozyme undergoes a 

two state denaturation process.
41

 The denaturation of lysozyme is represented as  

 

where D represents the truly denatured state reached only in concentrated guanidine 

hydrochloride and X is a distinct but only partially denatured state.
43

 GuHCl denaturation 

leads to randomly coiled conformations. 
43

  To denature the Lysozyme I have used 8M 

guanidine.HCl in 100 mM Tris.HCl buffer pH 8.4. For the reduction of the 4 disulphide 

bridges, dithiothreitol (DTT) was more effective than TCEP. According to MALDI-ToF MS, 

the use of TCEP results in incomplete dissociation of disulphide bonds. TCEP can reduce 

only one disulphide bridge, which is exposed to the solvent.
44

 DTT is more reactive reducing 

agent than TCEP and smaller in size, which enables it to access and cleave all disulphide 

bonds.
45

 After the denaturation is complete, the excess DTT is removed from reaction 

mixture by “HiTrap Desalting Columns” from gelifesciences. Then the denatured and 

reduced lysozyme has been reacted with PEO5000-maleimide in phosphate buffer pH 7.4 for 

overnight. The formed white solid has been purified by FPLC (Figure 2.6.a) and 

characterised by Maldi-Tof MS (Figure 2.6.c) and SDS-PAGE (Figure 2.6.d). Both of the 

technique shows similar molecular masses. dLY-PEO(5000)8 has a molecular weight of 54.6 

kD, which indicates all of the four disulphide bonds have been reduced and successfully 

capped by PEO5000-maleimide. The monodispersivity of dLY-PEO(5000)8 has been  

confirmed by GPC analysis (Figure 2.6.b).  

N X D
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Figure 2.6. Purification and characterisation of dLY-PEO(5000)8 (8). (a) FPLC purification 

chromatograms of an AKTÄ explorer after application of a reaction mixture consisting of the 

dLY-PEO(5000)8 (8) (blue) and AKTÄ explorer chromatogram of native Lysozyme (brown). 

(b) Gel permeation chromatogram of dLY-PEO(5000)8  (c) MALDI-TOF spectrum for dLY-

PEO(5000)8. The molecular mass is ~54.5 kDa according to this spectrum and the peak at 27 

kDa corresponds to the half molecular mass peak. (d) SDS-PAGE (NuPAGE Bis-Tris 4-12%) 

analysis of dLY-PEO(5000)8 (8).
19

 Image 2.6 is "Adapted with permission.
19

 Copyright 2012 

American Chemical Society."  

 

Ovomucoid  

  Chicken ovomucoid, the major glycoprotein of egg-white, is a single chain inhibitor of 

trypsin. Ovomucoid comprises 10% of total egg white protein and is a highly glycosylated 

protein and comprises 186 amino acids.
46

 It consists of three tandem, homologous structural 

domains.
47

  Each domain contains three disulphide bonds, two tyrosine residues, and one 

active site. Nine disulfide bridges and a high content of helical and β-sheet structures severely 

limit conformational fluctuations and greatly stabilize the native structure.
48

 Its native 

conformation is resistant to extreme values of pH, temperature (e.g., 100 °C for 1 h), 

concentrated chemical denaturants, such as urea and also resistant to protease digestion.
49,50

 

Guanidine hydrochloride induces biphasic transitions to Ovomucoid.
51

 However, in presence  
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Figure 2.7. Crystal structure of Ovomucoid. The structure has been obtained from the Protein 

Data Bank (http://www.rcsb.org/pdb/explore/explore.do?structureId=1OVO). The ribbon 

arrows represent regions of the peptide backbone in β-sheet conformation. 

 

of polyol (sorbitol), ovomucoid shows the three stable conformational states which were 

involved in the overall unfolding process.
52

 Here polyol acts as osmolytes. The osmolytes 

exert a dramatic effect on protein folding reactions, without making or breaking covalent 

bonds.
52

 Osmolytes stabilize proteins, not by interacting with them but by altering the solvent 

properties of the surrounding water and hence protein-solvent interaction.
53

 When a protein is 

present in the polyol solution, two types of interactions are observed, namely the osmophobic 

effect (i.e., the unfavorable interaction between peptide units and polyols) and solvophobic 

effect (i.e., the unfavorable interaction between side chains and polyols).
54

 Both of these 

effects will be larger in guanidinium chloride-induced denatured proteins than that in heat 

denatured protein samples.
54

  10 M Guanidine have been used as denaturing conditions for 

Ovomucoid. I also varied the amount of guanidine to be used. 6 M or 8M guanidine have 

been found to be insufficient for complete denaturation of Ovomucoid, 10 M guanidine was 

needed. Instead of guanidine hydrochloride, guanidine thiocyante was used, since it is known 

that guanidine thiocyanate is better denaturing agent than guanidine hydrochloride.
55

 To 

denature ovomucoid, urea has been also investigated as chaotropic agent, but these attempts 

were unsuccessful. Only guanidine was not sufficient for complete denaturation and 15% 

sorbitol was needed in addition. Here sorbitol acts as osmolyte as discussed above. 15% 

sorbitol was the optimum for complete denaturation and reduction of all nine disulphide 

bonds. dOvomucoid-PEO(5000)18 has been purified by FPLC (Figure 2.8.a) and 

characterized by Maldi-Tof MS (Figure 2.8.c) and SDS Page (Figure 2.8.d). The mass of 

dOvomucoid-PEO(5000)18  has been found to be 115 kDa, which indicates all the 9 

disulphides of Ovomucoid have been reduced and capped with PEO5000. The 
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monodispersivity of dOvomucoid-PEO(5000)18 has been further confirmed by GPC analysis 

(Figure 2.8.b). 

 

 

Figure 2.8. Purification and Characterisation of dOvomucoid-PEO(5000)18 (10). (a) FPLC 

purification chromatograms of an AKTÄ explorer after application of a reaction mixture 

consisting of the dOvomucoid-PEO(5000)18 (10) (blue) and AKTÄ explorer chromatogram 

of native Ovomucoid (brown). (b) Gel permeation chromatogram of dOvomucoid-

PEO(5000)18 (c) MALDI-TOF spectrum for dOvomucoid-PEO(5000)18. The molecular mass 

is ~115 kDa according to this spectrum and the peak at ~57 kDa corresponds to the half 

molecular mass peak. (d) SDS-PAGE analysis of dOvomucoid-PEO(5000)18 (10). 

 

Kunitz 

  Soybean  trypsin inhibitor is a 21.5 kDa monomeric, nonglycosylated protein first isolated 

from soybean seeds.
56

 It comprises 181 residues and  has two disulfide bridges, involving Cys 

39–Cys 86 and Cys 138–Cys 145, that are solvent exposed and critical for its inhibitory 

function.
57-59

 The overall structure of Kunitz is that of a sphere of about 3–5 nm in diameter, 

consisting of 12 criss-crossing antiparallel β-strands, largely stabilized by hydrophobic side 

chains.
60,61

 The soybean Kunitz trypsin inhibitor has unusual stability to chemical and 

thermal denaturation. It is presumably because of its compact antiparallel β-sheets.
62

 Upon 
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Figure 2.9. Crystal structure of Kunitz. The structure has been obtained from the Protein 

Data Bank (http://www.rcsb.org/pdb/explore/explore.do?structureId=1BA7). The ribbon 

arrows represent regions of the peptide backbone in β-sheet conformation. 

 

heating it undergoes a two-state transition with the midpoint at approximately 65
0
C. Between 

60 and 70 
0
C, a transition of the native inhibitor to an alternate conformation with a more 

molten state occurs.
21

 With increase in temperature, there is a progressive decrease in side 

chain interactions between the aromatic residues in the hydrophobic core of the Kunitz.
21

 At 

65
0
C, most of the tertiary structural interactions get lost, and at 75

0
C, there is a further loss.

21
 

The thermal denaturation of Kunitz is readily reversible.
21

 Following the literature results, 

Kunitz has been denatured by heating and the 2 disulphide bonds have been reduced with 

TCEP and caped with PEO5000-maleimide. For denaturation, very harsh condition like 10 M 

guanidinium thiocynate pH 7.4 and 100
0
C temperature have been used. However, the 

denaturation of Kunitz in 10M guanidine at room temperature has still not run to completion. 

Heating at higher temperature such as at 100
0
C, complete denaturation occurs. The resulting 

dKunitz-PEO(5000)4 has been characterised by Maldi-Tof, SDS Page gel, GPC. The 

dKunitz-PEO(5000)4 has been purified by FPLC (Figure 2.10.a). The molecular weight of 

dKunitz-PEO(5000)4 has been found to be 40kD by Maldi-tof MS (Figure 2.10.c) and SDS 

PAGE gel, (Figure 2.10.d) which reflects the fact that all two disulphide bridges have been 

cleaved and the resulting 4 thiol have been capped with PEO(5000). The monodispersivity of 

dKunitz-PEO(5000)4 has been confirmed by GPC analysis (Figure 2.8.b). 
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Figure 2.10. Purification and characterisation of dKunitz-PEO(5000)4 (6). (a) FPLC 

purification chromatograms of an AKTÄ explorer after application of a reaction mixture 

consisting of the dKunitz-PEO(5000)4 (6) (blue) and AKTÄ explorer chromatogram of native 

Kunitz (brown). (b) Gel permeation chromatogram of dKunitz-PEO(5000)4 (c) MALDI-TOF 

spectrum for dKunitz-PEO(5000)4. The molecular mass is ~40 kDa according to this 

spectrum. (d) SDS-PAGE analysis of dKunitz-PEO(5000)4 (6). 
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Table2.2. Summary of the conditions used for denaturation of different proteins. 

Proteins Denaturating Conditions 

 

Chaotropic  

agent 

Buffer Reducing 

agent 

Temperature Time 

Human 

 Serum  

Albumin  

(HSA) 

 

5M Urea pH 7.4, 

100 mM  

phosphate  

buffer. 

TCEP Room 

Temperature 

6 h 

Bovine  

Serum  

Albumin  

(BSA) 

 

5M Urea  pH 7.4, 

100 mM 

phosphate  

buffer. 

TCEP Room 

Temperature 

6 h 

Kunitz 10M 

Gu.SCN. 

pH 7.4,  

100 mM  

tris HCl buffer. 

TCEP 100
0
C Total 8 

h 

Lysozyme  

(LY) 

8M Gu.HCl. pH 7.4,  

100 mM 

tris.HCl buffer.  

DTT Room 

Temperature 

24 h 

Ovomucoid 10 M 

Gu.SCN,  

15% Sorbitol. 

pH 7.4, 100 mM 

tris HCl buffer.  

TCEP Room 

Temperature 

Total 8 

h 
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2.2.2. General observation about the denaturation conditions needed for different 

proteins 

   In the denaturation procedure, chemical denaturants, such as urea or guanidine have been 

used. The chemical denaturants bind to the protein and stabilize the denatured state, thereby 

favouring unfolding. As it is clear from the above discussion, different proteins need different 

denaturing conditions. HSA and BSA need mild denaturing condition, such as 5M 

urea/TCEP, while the smaller proteins like lysozyme and ovomucoid require stronger 

denaturing agents i.e. guanidine in 8M and 10M concentration, respectively. Kunitz requires 

the harshest conditions like 10M guanidine and 100
0
C for complete denaturation.  

  It is known that proteins with high α-helix unfold very rapidly.
63

 However, β-sheet proteins 

appear to be more robust.
63

 Oligomeric β-sheet proteins are particularly resistant to 

unfolding, possibly due to the higher content of  hydrogen bonding interactions between the 

β-strands; in addition, there might be a general selection for kinetically stable β-structures 

since partially unfolded β-sheet proteins are particularly susceptible to aggregation.
64

 HSA 

and BSA, which contains 67% α-helix and no β-sheet, unfold easily in 5M urea. As the 

amount of β-sheet structures increases in the protein, harsher conditions are essential to 

achieve complete denaturation. Lysozyme has about 13% beta sheets and it needs the 

stronger denaturing agent guanidine.HCl in much higher concentration of 8M for 

denaturation, while Ovomucoid which contains 26% beta sheet structures requires 10M 

guanidine thiocyanate and 10% sorbitol for full denaturation. For all beta sheet proteins, 

Kunitz has been the most difficult to denature and the procedure has been only successful 

under harsh conditions like 10M guanidine thiocyante and 100
0
C for complete denaturation.  

From the experimental results and above discussion it is evident that denaturing conditions 

required for complete denaturation of protein is correlated to the secondary structure of the 

protein. Higher the β-sheet content of the protein, more harsh conditions are needed for 

denaturation of the protein. The correlation between denaturing condition and the secondary 

structure is shown in Figure 2.11. 



- 47 - 

 

 

Figure 2.11. Corelation between the secondary structure of the protein and denaturation 

conditions. 

 
2.2.3. Properties of the polypeptide copolymers.  
 

  Five polypeptide copolymers (2), (4), (6), (8), and (10) derived from macromolecular but 

structurally distinct precursor proteins have revealed excellent water solubility (>20 mg/mL) 

and long shelf lives (>6 months) at 4 °C. Five different protein precursors have been chosen 

to prepare polypeptide copolymers to demonstrate that following the strategy of 

“denaturation-pegylation” the copolymers with different backbone lengths, different numbers 

of PEO grafted to the polypeptide backbone (Table 2.3), different sizes, different charge and 

different secondary structures can be prepared. dcBSA-PEO(5000)28 (2) and dHSA-

PEO(5000)27 (4) have backbone lengths of about 583 and 585 amino acids in their extended 

conformation, respectively. While dKunitz-PEO(5000)4(6) and dOvomucoid-PEO(5000)18 

(10) have backbone polypeptide length of 181 and 186 residues respectively. dLY-

PEO(5000)8 has even shorter backbone of only 129 amino acids. The number of PEO 

attached to the copolymers 2, 4, 6, 8 and 10 are 28, 27, 4, 8 and 18, respectively.  
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Table 2.3. Summary of the number of PEO5000 attached to protein backbone. 

PP-PEOs Number of amino acids at 

protein back bone 

Number of PEO attached to the 

protein back bone 

dcBSA-PEO(5000)28 (2)  583 28 

dHSA-PEO(5000)27 (4)  585 27 

dKunitz-PEO(5000)4 (6)  181 4 

dLY-PEO(5000)8 (8) 129 8 

dOvomucoid-PEO(5000)18 (10)  186 18 

 

Zeta Potential 

Surface charges of PP-PEOs provide an effective way to control the interface between PP-

PEOs and the biological systems. A thorough knowledge of surface charge of these PP-PEOs 

is essential for using them as drug delivery agents, gene transfection agents or coating of 

NPs. The surface charges of all polypeptide copolymers have been characterized by zeta 

potential measurements, and the results are summarized in Figure 2.12 and Table 2.4. A high 

positive zeta potential of 21.6 ± 1.5 mV has been obtained for dcBSA-PEO(5000)28 (2), 

which reflects the presence of large number of primary amino groups (147) on the protein 

backbone.
37

 A negative zeta potential of -20.8±1.49 mV and -28.9±0.85 mV have been found 

for dOvomucoid-PEO(5000)18 (10) and dKunitz-PEO(5000)4 (6) respectively. Native Kunitz 

contains 31 negatively charged (Asp + Glu) and 23 positively charged (Arg + Lys) amino 

acids in its primary structure. Ovomucoid has 30 negatively charged (Asp + Glu) and 18 (Arg 

+ Lys) positively charged amino acids. The zeta potential of 6 and 10 is in accordance with 

the presence of higher numbers of negatively charged amino acids (Asp + Glu) on the protein 

backbone compared to the positively charged residues (Arg + Lys). dHSA-PEO(5000)27 (2) 

reveals slightly negative zeta potential of −0.7 ± 1.7 mV, similar to the net charges of native 

HSA. dLY-PEO(5000)8 (8) revealed negative zeta potential of −8.4 ± 2.8 mV. Even though 

the precursor protein lysozyme has 18 positively charged residues (Arg + Lys) and only 9 

negatively charged amino acids (Asp + Glu), the negative zeta potential of dLY-PEO(5000)8 

(8) is surprising. The change in the suface charges of 8 from native LY may indicate to the 

formation of the intermolecular interactions between the dLY-PEO(5000)8. These findings 

underline that polypeptide with tunable charges have been achieved. Polypeptides that allow 

fine-tuning of their surface charges are highly attractive to achieve biopolymers with tunable 

cell and tissue penetration properties.  
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Figure 2.12. Zeta Potential of all the polypeptide polyethylene oxide (PP-PEOs). 

 

Table 2.4. Summary of the results of the zeta potential of the native protein and 

corresponding PP-PEOs and the correlation with the positively and negatively charged amino 

acids of the protein. Unless mentioned the numbers of positively and negatively charged 

amino acids were obtained from Expasy (http://web.expasy.org/protparam/). 

 

Proteins Number of total 

positively charged 

amino acids in the 

sequence 

Number of total 

negatively charged 

amino acids in the 

sequence 

Zeta potential of 

globular protein 

at pH 7.4 

Zeta potential of 

coreesponding PP-

PEOs at pH 7.4 

cBSA 147
37

 13
37

 22.7 ± 3.0 mV (1) 21.6 ± 1.5 mV (2) 

HSA 86 (27 Arg + 59 Lys) 98 (36 Asp+62 Glu) −3.1 ± 1.3 mV (3) −0.7 ± 1.7 mV (4) 

Kunitz 23 (10 Arg+13 Lys ) 31(17 Asp +14 Glu) -26.6± 0.6mV (5) -28.9±0.85 mV (6) 

Lysozyme 18(10 Arg +8 Lys) 9 (7Asp +2 Glu) 4.9 ± 0.6 mV (7) −8.4 ± 2.8 mV (8) 

Ovomucoid 18 (5 Arg +13 Lys) 30 (14 Asp+16 Glu) -10.2±1.3 mV (9) -20.8±1.49 mV (10) 

 

Secondary structure of PP-PEOs 

  The primary amino acid sequence of the protein backbone contributes to the formation of 

the secondary structure, for example, helical and β sheet structures, due to noncovalent 

interactions among the amino acid residues. The presence of regular structural elements in 

polymers is highly attractive because secondary interactions could yield additional features 

such as self-assembly into ordered supra-structures such as amyloid fiber formation
65

 due to 
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the presence of β-sheet structures. According to CD studies, the predominant secondary 

structure elements of the precursor proteins are partially conserved for all protein-derived 

polypeptide copolymers (Figure 2.13.). For instance, HSA, cBSA reveals a high content of 

α-helix (~ 67%) and the corresponding polypeptide copolymer (4 and 2) contains mainly α-

helix (~ 42-43%) structures. For Lysozyme and Ovomucoid a similar trend of decrease in α-

helix were observed after preparation of polypeptide polyethylene oxide. dLY-PEO(5000)8 

(8) contains 21% α-helix structure compared with 30% of native Lysozyme (7). 

dOvomucoid-PEO(5000)18 (10) contains 20% α-helix structure compared with 26% of native 

Ovomucoid (9). However, for Kunitz (5) an opposite trend has been observed. Kunitz is a 

complete beta sheet protein.
60

 dKunitz-PEO(5000)4 (6) contains only 12% β-sheet and the α-

helix content increases significantly to 60% compared with no α-helix on native Kunitz. 

Probably, the β-strands of Kunitz protein that are formed by a long-range hydrogen bonds 

and hydrophobic interactions between residues on neighboring strands,
21

 are mostly 

destroyed by the high concentration of denaturing agent and heating. Instead, preferential 

stabilization of isolated structural elements with independent hydrogen binding abilities has 

been observed upon denaturation of Kunitz. However, in all cases, the polypeptide 

copolymers reveal an increase in random structures elements, most likely due to the 

denaturation and pegylation steps. 

 

Figure 2.13. Secondary structure of all the polypeptide polyethylene oxide (PP-PEOs). 
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2.3. Conclusions 

  In conclusion, in this chapter reaction schemes towards narrowly dispersed polypeptide 

copolymers with defined structures and molecular weights as well as attractive physical 

properties have been described. The denaturation of the globular proteins followed by 

stabilization with polyethylene (oxide) chains yields polypeptide copolymers of precisely 

defined backbone lengths. In this way, polypeptides with different backbone lengths, {e.g. 

dHSA-PEO(5000)27, dcBSA-PEO(5000)28, dLY-PEO(5000)8, dOvomucoid-PEO(5000)18 and 

dKunitz-PEO(5000)4 have (calculated) backbone length of 0.2515, 0.25, 0.0554, 0.08 and 

0.0778 micrometer respectively}
66

 varying net charges, as well as the presence of ordered 

secondary structural elements have been achieved successfully. Interestingly, different 

proteins required different denaturing conditions and reagents to achieve narrowly dispersed 

polypeptide copolymers. Proteins with higher β-sheet content required more harsh denaturing 

conditions than proteins with more α-helix elements. This result is in consistence with fact 

that β-sheet proteins tend to be more robust due to the higher content of nonlocal interactions; 

and inherent kinetic stability of β-structures since partially unfolded β-sheet proteins are 

particularly susceptible to aggregation.
64

 All of these copolymers reveal excellent solubility 

and stability in aqueous media. The protein backbone offers a wide range of functional 

groups at precise positions, such as primary amine from lysine, carboxylic groups from 

aspartic and glutamic acids, hydroxyl groups of serine, tyrosine and guanidine group of 

arginine, which can be easily further functionalized with bioactive molecules. In chapter 3, 

these tailored multifunctional copolymers have been applied for the multivalent stabilization 

of NIR emitting fluorescent gold nanoparticles and the effect of the length of the polymer 

length have been discussed. 
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Chapter3. 

3.1. Highly Stable, Ultra Small, Multifunctional 

Near Infrared (NIR) Gold Nanoemitters for 

Bioimaging Applications 

 

3.1.1. Introduction 

  Fluorophores, emitting in the near infrared (NIR) region have attracted ongoing attention 

because of their applications in biomedical, materials, and related fields. NIR-probes are 

attractive for imaging due to their low interfering absorption and fluorescence from biological 

samples, inexpensive laser diode excitation, reduced scattering, and enhanced tissue 

penetration depth.
1,2

  Most organic NIR dyes reveal only low photochemical stabilities, rapid 

photobleaching, and little water solubility.
3,4

 Unlike organic fluorophores, nanoparticle-based 

NIR emitters are very attractive for biolabelling and bioimaging applications because they 

allow long-term, sensitive tracking of signals with minimal photobleaching. AuNPs exhibit 

size dependent optical properties.
5-9

 Small gold nanoparticles (<3 nm) lose their bulk-like 

electronic properties; for example, they no longer support the plasmon excitation 

characteristics of relatively large gold nanocrystals (3-100 nm) and below 2 nm, they emit 

bright fluorescence ranging from the visible to the infrared depending on the number of Au 

atoms in the cluster.
6,9

 It is highly desirable to prepare water soluble, stable NIR AuNPs for 

bioimaging applications. Recently, few NIR AuNPs have been reported, such as monolayer-

protected NIR-emitting AuNPs (NIR-AuNPs),
10,11

 multistep etching-based time consuming 

synthesis of fluorescent AuNPs.
12

 One step protein directed synthesis, dihydrolipoic acid 

(DHLA) capped NIR emitting AuNPs have also been published.
13, 14

 But these AuNPs are 

very unstable, especially at low pH (<5) and DHLA also has the tendency to adsorb 

biomolecules nonspecifically onto the nanoparticle surface.
15

 A nanoparticle platform with 

great potential for use in biomedical applications needs to promote biocompatibility and 

reduce nonspecific interactions, must exhibit long term stability over a broad pH range, in the 

presence of high concentrations of electrolytes and in biological media and also offers 

multiple functional groups to which biomolecules can be attached.
16

 To implement this new 

approach, the copolymers,
17

 dcBSA-PEO(5000)28, dHSA-PEO(5000)27 and dLY-PEO(5000)8 

were used and thioctic acid (TA) attached at the protein backbone, acts as anchoring group to 



- 55 - 

 

metal surfaces. Then the TA attached copolymers dcBSA-PEO(5000)28-(TA)26, dHSA-

PEO(5000)27-(TA)22 and dLY-PEO(5000)8-(TA)8 have been used to prepare AuNPs 

following a facile one pot synthesis method by reducing the Au
3+

 to Au
0
.
14

 It was found that 

the dcBSA-PEO(5000)28-(TA)26 coated nanoparticles exhibit high colloidal stability over a 

broad pH range, in the presence of excess electrolytes (NaCl), DTT, phosphate buffer, trypsin 

without any significant cytotoxicity. dcBSA-PEO(5000)28-(TA)26, coated AuNPs were further 

imaged inside A549 cells by the confocal laser scanning microscopy (CLSM). These results 

indicate that dcBSA-PEO(5000)28-(TA)26, coated AuNPs have great potential as robust 

fluorophores in biomedical applications. 

 

 

 

 

Scheme 3.1.1. Chemical structures of HSA-, cBSA- and LY-derived copolymers (1, 3, 5) and 

stabilization of AuNPs in the presence of these copolymers. 
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3.1.2. Results and Discussion 

Preparation and characterization of TA-containing polypeptide copolymers 

  Copolymers dcHSA-PEO(5000)27, dcBSA-PEO(5000)28 and dLY-PEO(5000)8 provide 

several reactive primary amino groups that allow the attachment of multiple lipophilic 

thioctic acid (TA) groups. After reaction of copolymers dcHSA-PEO(5000)27, dcBSA-

PEO(5000)28 and dLY-PEO(5000)8 with N-hydroxysuccinimide (NHS)-activated TA, 

copolymers dcHSA-PEO(5000)27-(TA)22 (1), dcBSA-PEO(5000)28-(TA)26 (3) and dLY-

PEO(5000)8-(TA)8 (5) have been isolated. According to SDS-PAGE (sodium dodecyl sulfate 

polyacrylamide gel electrophoresis) (Figure 3.1.1) molecular weights of 200kDa for (1), 210 

kDa for (3) and 56.6 kDa for (5) have been obtained indicating that about 27 to 28 of 35 

available thiol groups of the precursor proteins HSA and cBSA-147 have been pegylated and 

about 22±4 and 26±3 TA groups have been attached as quantified by the 4,4´-

dithiodipyridine (DPS) test (Table 3.1.1).
18

  In case of (5), 8±3 TA groups were attached to 

the backbone.  

 

Figure 3.1.1. SDS-PAGE of dHSA-PEO(5000)27-(TA)22 (1), dcBSA-PEO(5000)28-(TA)26 

(3), and dLY-PEO(5000)8-(TA)8 (5). 
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Figure 3.1.2. MALDI-TOF MS of dLY-PEO(5000)8-(TA)8  (5, calcd. MW = 56.6kD); 

Matrix: Sinapinic acid. 

 

 

4,4´-Dithiodipyridine (DPS) test Results 

  The numbers of thioctic acid (TA) attached to each copolymer have been estimated by the 

DPS Test (for details see experimental section). The results for different copolymer materials 

are listed below. 

Table 3.1.1. Summary of number of thioctic acids attached to different copolymers according 

to DPS test. 

 

Name of the copolymers Number of thioctic acids (TA) attached 

to each copolymer 

dHSA-PEO(5000)27-(TA)22 (1) 22±3  

dcBSA-PEO(5000)28-(TA)26 (3) 26±3  

dLY-PEO(5000)8-(TA)8 (5) 8±3  

56.6  kD

Half mass



- 58 - 

 

Characterization of AuNPs 

In situ preparation and characterization of NIR-AuNPs 

  In situ synthesis of AuNPs have been accomplished at room-temperature in water following 

a one pot synthetic procedure.
19

 First, precursors have been prepared in solution by reacting 

the TA groups of the copolymers with tetrachloroauric(III) acid (HAuCl4.3H2O), followed by 

the growth of the AuNPs in the presence of the reducing agent NaBH4. The sizes of the 

AuNPs have been adjusted by varying the Au
3+

/TA ratio as well as the copolymer lengths at 

low Au
3+ 

concentrations (Table 3.1.2). By decreasing the Au
3+

/TA ratio from (a) 20:1; (b) 

10:1; (c) 5:1, (d) 3:1, (e) 1:1 to (f) 1:5 , successively smaller AuNPs have been stabilized in 

situ. With decreasing AuNPs sizes, the peak amplitude of the surface plasmon resonance 

band at around 530 nm also declines (Figure 3.1.3.), which is in accordance to the 

literature.
20

 dHSA-AuNPs 2d, 2e, 2f and dcBSA-AuNPs 4d, 4e, 4f displayed well-detectable 

emission envelopes with emission maxima in the NIR at about 720 nm after excitation at 365 

nm. In contrast, only dLY-AuNPs 6f shows a broad emission with a maximum at around 680 

nm (Figure 3.1.4). No Plasmon bands have been observed in the corresponding absorption 

spectra (Figure 3.1.3) already indicating average particle diameters below 2 nm.
27

 For the 

dHSA-AuNPs (2f) and dcBSA-AuNPs (4f), fluorescence quantum yields (FQYs) of 1.6% 

and 1. %, respectively, have been calculated by applying tris(2,2’-bipyridyl) ruthenium 

hexahydrate (II) as reference chromophore (Table 3.1.4). Interestingly, at similar 

concentrations and 3:1 Au
3+

/TA ratio, stabilization with (5) only yielded non-fluorescent 

dLY-AuNPs (6d) with sizes larger than 2 nm. Only after decreasing the Au
3+

/TA ratio to 1:5, 

fluorescent dLY-AuNPs (6f) have been obtained. Fluorescent dLY-AuNPs (6f) showed very 

weak emission and a broad emission spectrum with a maximum at around 680 nm (Figure 

3.1.4.C). Even at Au
3+

/TA ratio of 1:5, a significantly reduced quantum yield of 0.3% was 

calculated for 6f compared to 1.6-1.7% for 2f and 1.8-2% for 4f. Since the same experimental 

conditions as well as a similar (1:1) ratio of the Au
3+

/TA anchoring groups of 5 have been 

selected thus indicating that the length of the polymer backbone might have an important 

impact on the potential to stabilize ultra-small AuNPs. dcBSA-AuNPs (4f) with dimensions 

smaller than 2 nm have been investigated via Atomic Force Microscopy (AFM), FCS as well 

as high resolution transmission electron microscopy (HRTEM) on graphene. 4f has been 

deposited on a graphene substrate and studied by 80 kV aberration-corrected high-resolution 

transmission electron microscopy (AC-HRTEM) (Figure 3.1.5 a, b, c). Interestingly, dcBSA-

AuNPs with sizes smaller than 1 nm and the Au-Au bond contracts from 2.8 to 0.27 nm 

(Figure 3.1.5 d) was detected, which is consistent with previously reported results.
21

 Due to 



- 59 - 

 

the low intensity contribution of the graphene substrate and the high resolution achieved at 80 

kV TEM, each coated AuNPs have been atomically described while remaining unaffected by 

the electron beam. Slightly larger dimensions of about 3 nm diameter have been found with 

AFM on mica surfaces, which also reflect the contribution of the protein-copolymer shell on 

the surface (Figure 3.1.5 e). In solution, diffusion times of 4d-f were recorded by FCS 

measurements and the corresponding hydrodynamic diameters have been calculated in the 

range of 2 nm (Table 3.1.3). Noteworthy, by applying polypeptide copolymers (1) and (3), 

exclusively small, narrowly dispersed, stable and fluorescent particles have been formed 

under mild conditions in a one pot synthesis scheme. In contrast to alternative procedures, 

neither separation of larger non-fluorescent nanoparticles nor extreme pH values during 

preparation and purification or multistep synthetic procedures have been required for 

obtaining water soluble AuNPs or NIR-AuNPs.
13,22,23, 12,14 

For similar ratios of HAuCl4/TA, 

AuNPs coated with dLY-PEO(5000)8-(TA)8 (5) reveals a surface plasmon band indicating 

the existence of particle sizes larger than 2 nm ( Table 3.1.2).  

 

 

 

Figure 3.1.3. (a) Absorption spectra of AuNPs (2a-f) prepared by using HAuCl4/TA ratios 

from 20:1 (2a) to 1:5 (2f) of copolymer dHSA-PEO(5000)27-(TA)22. (b) Absorption spectra 

of AuNPs prepared by using HAuCl4/TA ratios from 20:1 (4a) to 1:5 (4f) of copolymer 

dcBSA-PEO(5000)28-(TA)26. (c) Absorption spectra of AuNPs prepared by using HAuCl4/TA 

ratios from 20:1 (6a) to 1:5 (6f) of copolymer of dLY-PEO(5000)8-(TA)8. 
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Figure 3.1.4. (a) Emission spectra of AuNPs (2a-2f) coated with dHSA-PEO(5000)27-(TA)22 

prepared using different HAuCl4/TA ratios from 20:1 (2a) to 1:5 (2f). (b) Emission spectra of 

AuNPs (4a-4f) coated with dcBSA-PEO(5000)28-(TA)26 prepared using different HAuCl4/TA 

ratios from 20:1 (6a) to 1:5 (6f). (c) Emission spectra of AuNPs (6a-6f) coated with dLY-

PEO(5000)8-(TA)8 prepared using different ratios 20:1 (6a) to 1:5 (6f).  

 

Table 3.1.2: Overview of the sizes and optical properties of AuNPs 2a-f, 4a-f and 6a-f 

coated with copolymers 1, 3 and 5 by applying different ratios of Au
3+

/TA as given in the 

first row. AuNPs 2a, 2b, 2c, 2d, 2e, 2f have been coated with dHSA-PEO(5000)27-(TA)22, 

AuNPs 4a, 4b, 4c, 4d, 4e, 4f have been coated with dcBSA-PEO(5000)28-(TA)26 and 6a, 6b, 

6c, 6d, 6e, 6f have been coated with dLY-PEO(5000)8-(TA)8. NF = non fluorescent, br = 

broad emission maximum. 

Au
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ratio 
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Emission 

max  (nm) 

NF NF br  

 750-800 

720 720 720 

FQY (%) NF NF 0.05 1.6-1.7 1.6-1.7 1.6-1.7 

Diameter 

TEM (nm) 
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Au
3+

/TA 

ratio 
6a 

20:1 
6b 

10:1 
6c 

5:1 
6d 

3:1 
6e 

1:1 
6f 

1:5 

Emission 

 λmax (nm) 

NF NF NF NF NF br 680 

FQY % NF NF NF NF NF 0.3 

 

Diameter 

TEM (nm) 

15 13.5 10.8 7.8 3.4 < 2 

 

 

Figure 3.1.5 a) Representative electron micrographs of AuNPs (4f) coated with dcBSA-

PEO(5000)28-(TA)26 prepared using HAuCl4/TA = 1:5. Micrograph showing a cluster of 

deposited AuNPs on graphene. (b) HRTEM image of (4f) deposited on graphene. (c) Scaled 

cut out of a AuNP with diameter 0.8 nm where the gold atoms of the NP are resolved, the red 

dotted line indicates the trajectory taken for the line profile shown in d. Each of the gold(d) 

Line profile showing 0.27 nm Au-Au bond distance in the AuNP corresponding to the 

reported investigations on the contraction of bond distances for gold particles with size < 

1nm. (e) Particle size distribution of AuNPs (4f) coated with dcBSA-PEO(5000)28-(TA)26 for 

the of HAuCl4/TA (1:5) ratio. (f) Emission spectra of AuNPs coated with 2f (blue), 4f (red) 

and 6f (green) for a HAuCl4/TA ratio of 1:5 upon excitation at 365 nm. 
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Figure 3.1.6. Determination of diameter of AuNPs coated with dcBSA-PEO(5000)28-(TA)26  

(4) by fluorescence correlation spectroscopy (FCS) measurements. 

 

Table 3.1. 3. Calculated sizes of AuNPs 4 at different HAuCl4/TA ratio according to FCS 

measurements. 

AuNPs  

 

RH 
24

 Concentration 

[µm] 

4d 1.5 0.8 

4e 1.3 0.6 

4f 1.0 0.7 

 

Fluorescence Quantum Yield (FQY, Ф) Calculations.  FQY of AuNPs at room 

temperature have been determined relative to Tris(2,2’-bipyridyl) ruthenium hexahydrate (II) 

as fluorescent standard and calculated using the following equation. 

Фf(s)= Фf(r).{(∫Is(ῡ)dῡ)/(∫Ir(ῡ)dῡ)}.(Dr/Ds).(ns
2
/nr

2
) 

Indices “s” and “r” denote “sample” and “reference”, respectively. The integrals of I 

represent areas of the corrected emission spectra and D corresponds to the optical density at 

6e

6d

6c
4d

4e

4f

Time (s)

G
 (
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the wavelength of excitation (365 nm). Refractive index of the reference nr and the sample 

solutions ns are the same since the emission have been measured for both reference and 

sample in water. Different parameters for the calculation of the FQY (Ф) of AuNPs (2f, 4f 

and 6f) coated with dcHSA-PEO(5000)27-(TA)22 , dcBSA-PEO(5000)28-(TA)26 and dLY-

PEO(5000)8-(TA)8 at HAuCl4: TA=1:5 ratio are listed in Table 3.1.4. 

Table 3.1.4. Calculation for FQY of AuNPs solution in water. 

 

AuNPs Фf(r)=0.04 

 
∫Is(ῡ)dῡ ∫Ir(ῡ)dῡ Dr Ds Фf(s) 

dHSA-AuNPs (2f)  0.04 6159 14775 0.147 0.140   0.016 

dcBSA-AuNPs (4f)  0.04 6098 

 

14775 0.147 0.156 

 

  0.01  

 

dLY-AuNPs (6f)  0.04 980 14775 0.147 0.130 

 

  0.003 

 

 

 

High Stability of AuNPs under various conditions 

  For bioimaging applications, the colloidal stability and ligand chemistry of AuNPs is very 

crucial, undisered aggregation, loss of ligand may result in cytotoxicity.
25

 Colloidal stability 

of AuNPs has been investigated via optical spectroscopy in the presence of different cell 

culture conditions such as (a) phosphate buffer pH 7.4 and 2% glucose solution, (b) effects of 

excess salt concentration such as 1M NaCl, (c) competition by dithiothreitol (DTT, 0.5 M) 

since thiol-rich molecules such as glutathione are abundant in the cytoplasm, (d) pH 4 to (e) 

pH 10 as well as resistance against (f) the protease trypsin (Figure 3.1.7, 3.1.8, 3.1.9, 3.1.10, 

3.1.11, 3.1.12). Interestingly, the absorption (Figure 3.1.7) and emission (Figure 3.1.8) 

spectra of dcBSA-AuNPs (4a) and (4f), respectively, remained unchanged for all the 

conditions after incubation for one day. In contrast, dHSA- and dLY-AuNPs revealed a 

significant decrease of the surface plasmon resonance band in the presence of 0.5 M DTT 

(Figure 3.1.9c) and 0.1 mg/mL trypsin (Figure 3.1.11f) respectively. Most likely, the 

presence of high numbers of primary amino groups of (4a) and (4f) contributes to the high 

stablilty of AuNPs due to the electrostatic repulsion between the multiple primary amino 

groups on the surface of dcBSA-AuNPs (4). 
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Figure 3.1.7. Absorption spectra of dcBSA-AuNPs (4a) in different solutions: (a) 10 mM 

phosphate buffer pH 7.4 +2% glucose solution. (b) 1M NaCl. (c) 0.5M DTT. (d) pH 4. (e) pH 

10.(f) 0.1 mg/mL Trypsin solution. After 24 h the absorption intensity of the AuNPs 

remained almost unchanged and no precipitation of the AuNPs have been observed.  

 

Figure 3.1.8. Emission spectra of dcBSA-AuNPs (4f) in different solutions: (a) 10mM 

Phosphate buffer pH 7.4 +2% glucose solution. (b) 1M NaCl. (c) 0.5M DTT. (d) pH 4. (e) pH 

10. (f) 0.1 mg/mL trypsin. Excitation wavelength of 365 nm was chosen. Even after 24 h, the 

emission intensity of the AuNPs remained almost unchanged and no precipitation observed.  

0

0.2

0.4

0.6

0.8

1

350 450 550 650 750 850

0

0.2

0.4

0.6

0.8

1

350 450 550 650 750 850

0

0.2

0.4

0.6

0.8

1

350 450 550 650 750 850

0

0.2

0.4

0.6

0.8

1

350 450 550 650 750 850

0

0.2

0.4

0.6

0.8

1

350 450 550 650 750 850

0

0.2

0.4

0.6

0.8

1

350 450 550 650 750 850

Wavelength (nm)

(f)

(a) (b) (c)

(e)(d)

Wavelength (nm) Wavelength (nm)

Wavelength (nm) Wavelength (nm) Wavelength (nm)

A
b

so
rb

an
ce

A
b

so
rb

an
ce

A
b

so
rb

an
ce

A
b

so
rb

an
ce

A
b

so
rb

an
ce

A
b

so
rb

an
ce

Absorbtion spectra of dcBSA-AuNPs (4a) in different solutions at 0 h.

Absorbtion spectra of dcBSA-AuNPs (4a) in different solutions after 24 h.

E
m

is
si

o
n

 I
n
te

n
si

ty

E
m

is
si

o
n

 I
n
te

n
si

ty

E
m

is
si

o
n

 I
n
te

n
si

ty
E

m
is

si
o

n
 I

n
te

n
si

ty

E
m

is
si

o
n

 I
n
te

n
si

ty

E
m

is
si

o
n

 I
n
te

n
si

ty

Wavelength (nm)

Wavelength (nm)

Wavelength (nm)

Wavelength (nm)

Wavelength (nm)

Wavelength (nm)

(a) (b) (c)

(d) (e) (f)

Emission Spectra of Gold nanoparticle (6e) coated with dHSA-PEO(5000)27-(TA)22 (5) inEmission spectra of dcBSA-AuNPs (4f) in different solutions  at 0 h.

Emission spectra of dcBSA-AuNPs (4f) in different solutions after 24 h.

0

0.2

0.4

0.6

0.8

1

450 550 650 750 850

0

0.25

0.5

0.75

1

450 650 850
0

0.25

0.5

0.75

1

450 550 650 750 850

0

0.25

0.5

0.75

1

450 550 650 750 850

0

0.2

0.4

0.6

0.8

1

450 550 650 750 850

0

0.25

0.5

0.75

1

450 550 650 750 850



- 65 - 

 

Figure 3.1.9. Absorption spectra of dHSA-AuNPs (2a) in different solutions: (a) 10 mM 

phosphate buffer pH 7.4 +2% glucose solution. (b) 1M NaCl. (c) 0.5M DTT. (d) pH 4. (e) pH 

10.(f) 0.1 mg/mL trypsin solution. Even after 24 h, the absorption intensity of the AuNPs 

remained almost unchanged except in the presence of DTT (c). dHSA-AuNPs (2a) show a 

significant decrease in surface plasmon resonance band in DTT solution, which indicates the 

particle are unstable in DTT solution. 

Figure 3.1.10. Emission spectra of dHSA-AuNPs (2f) in different solutions. (a) 10 mM 

phosphate buffer pH 7.4 +2% glucose solution. (b) 1M NaCl. (c) 0.5 M DTT. (d) pH 4. (e) 

pH 10.(f) 0.1 mg/mL trypsin solution. Excitation wavelength 365 nm. After 24 h the emission 

intensity of the AuNPs remained almost unchanged and no precipitation of AuNPs have been 

observed.  
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Figure 3.1.11. Absorption spectra of dLY-AuNPs (6a) in different solutions: (a) 10 mM 

Phosphate buffer pH 7.4 +2% glucose solution. (b) 1M NaCl. (c) 0.5M DTT. (d) pH 4. (e) pH 

10.(f) 0.1 mg/mL trypsin solution. After 24 h, the absorbance intensity of the AuNPs 

remained almost unchanged except in the presence of trypsin (f). In trypsin solution, there is 

a significant decrease of the surface plasmon band, indicating proteolytic instability of dLY-

AuNPs (6a). 

Figure 3.1.12. Stability test of AuNPs (6f) coated with dLY-PEO(5000)8-(TA)8 in different 

solutions. (a) 10 mM phosphate buffer pH 7.4 +2% glucose solution. (b) 1M NaCl. (c) 0.5 M 

DTT. (d) pH 4. (e) pH 10.(f) 0.1 mg/mL trypsin solution. Excitation wavelength 365 nm. 

After 24 h the emission intensity of the AuNPs remained almost unchanged and no 

precipitation of AuNPs have been observed. 
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Figure 3.1.13. a) Viability of A549 cells after 24 h of incubation with 50 µL of 1 µM 

dcBSA-AuNPs (4f) in cell medium as determined by a Cell-Titer Glo (Promega) cell viability 

assay. The error bars represent variations among three independent measurements. 96% cells 

are still viable after 24 h of incubation with dcBSA-AuNPs. b) Imaging of dcBSA-AuNPs 

(4a) on the surface of A549 cells by the Scanning Electron Microscope. The surface is 

covered with many microvilli. Clusters of gold nanoparticles can be imaged with the material 

dependent backscattered electron signal that is overlaid in red onto the (black and white) 

secondary electron signal. Some gold aggregates are sharply imaged (white arrow), which 

indicates that they are still on the cell surface. Some gold aggregates are blurred (black 

arrow), which indicates that they are already incorporated into the cell. The blurring is caused 

by the widening of the primary beam as an effect of beam specimen interaction. The framed 

arrow depicts a gold aggregate that is imaged sharp at the left hand side and blurred at the 

right hand side since it is, there, covered by a cell protrusion. c) Thin section of 50 µL of 1 

µM AuNPs (4a) incubated A549 cells after incubation for 24 h imaged in the transmission 

electron microscope. Clusters of gold particles (arrows) can be easily seen in the cytoplasm, 

but not in the nucleus (N). They are usually found in vesicles. (G: Golgi apparatus, M: 

Mitochondrion). d) Confocal images of A549 cells incubated with 50 µL of 1 µM AuNPs (4f) 

incubated for 24 h. NIR fluorescent gold nanoparticle is visible in perinucleur region. DIC 

image (e) fluorescence channel and (f) overlay. Images were acquired on a confocal 

microscope equipped with fluorophore-appropriate filter sets and an environmental chamber 

in which cells remained at 37 °C + CO2 throughout imaging. 

 

  

 

1. Control
2. AuNP coated with dcBSA-147-PEO(5000)28-TA26

0

20

40

60

80

100

120

1 2

C
e

ll
 V

ia
b

il
it

y
 (

%
)

200 nm

Control cBSA-AuNPs
a) b) c)

d) e) f)

C
el

l 
V

ia
b

il
it

y
 (

%
)

Control dcBSA-AuNPs



- 68 - 

 

 

 

In vitro characterization of AuNPs  

  All dcBSA-AuNPs (4) revealed no significant cytotoxicity in a cell viability assay at 

relevant concentrations (Figure 3.1.13a) and 96% viable cells were found after 24h 

incubation time. Cell uptake of (4a) into A549 cells was investigated by TEM based on cryo-

preparation as well as fluorescence microscopy. Only dcBSA-AuNPs (4a) were selected for 

cryo-TEM since detection of ultra-small AuNPs 4f with dimensions of about 1 nm is very 

challenging compared with slightly larger AuNPs. After incubation of the cells with (4a) for 

24 h, a thin section of the cells was imaged and clusters of AuNPs (arrows) were found in 

vesicles, in the cytoplasm (Figure 3.1.13c), but not in the nucleus. These particles have 

mainly been localized in vesicles but also free AuNPs have been found. The subcellular 

localization in the perinuclear region as well as trafficking of dcBSA-AuNPs (4a) in vesicles 

reveals remarkable similarities with the precursor protein cBSA-147
26

 which has also been 

found in vesicles and released in the periplasm.
26

 Ultra-small fluorescent AuNPs (4f) have 

been detected by confocal laser scanning microscopy (CLSM) inside the cell (Figure 3.1.13d, 

e, f). Most likely, the high uptake efficiency of (4f) facilitated their direct recognition due to 

high numbers of AuNPs present inside the cells. Here, direct detection of the emission of 4f 

inside cells has been successful and without the requirement of additional charomophores. 

 

3.1.3. Conclusions 

  In summary, multifunctional, highly stable and nontoxic AuNPs of tunable sizes from 1-15 

nm have been prepared that are attractive for bioimaging applications. Different polypeptide 

copolymer coatings with multiple TA anchor groups have been applied; very long albumin-

derived polypeptides are more efficient stabilizing extremely small, sub nanometer AuNPs. 

Such AuNPs have been characterized by HRTEM, AFM and FCS and a well-detectable NIR 

emission. In particular, dcBSA-AuNPs coated with polypeptides bearing high numbers of 

primary amino groups such as 4a and 4f revealed very high stabilities at high ion strength, 

extreme pH, in the presence of thiol-containing ligands or in the presence of proteases, thus 

making them very attractive for cellular studies. Significant cellular uptake and intracellular 

localization of the larger dcBSA-AuNPs (4a) and ultra-small dcBSA-AuNPs (4f) have been 

detected by cryo-TEM and fluorescence microscopy, respectively. As an additional feature, 

the presence of multiple grafted PEO chains located at the AuNP surface might contribute to 

reduced immunogenicity as well as non-specific adsorption thus rendering these dcBSA-
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AuNPs very attractive for in vitro and in vivo applications. Noteworthy, the side chains of 

amino acids in the polypeptide backbone, such as primary amine from lysine, carboxylic 

groups from aspartic and glutamic acids, hydroxyl groups of serine, tyrosine and guanidine 

group of arginine offers the possibility of further functionalization of AuNPs with additional 

bioactive molecules. These tailored highly stable multifunctional NIR emitting nanoparticles 

will find wide applications in biosensing, diagnostic and other biomedical applications. 

 

3.2. Translocation of Near InfraRed (NIR) emitting Gold Nanoparticles into the Cell 

Nucleus 

3.2.1. Introduction 

  In eukaryotic cells the nucleus is an organelle that contains the cell's genetic material. The 

function of the nucleus is to maintain the integrity of genes and to control the activities of the 

cell by regulating gene expression. In living cells, a double-membrane nuclear envelope 

separates the cytoplasm from the cell nucleus. The nuclear envelope comprises two lipid 

bilayers: the outer and inner nuclear membranes.
27

 Its outer nuclear membrane is continuous 

with the endoplasmic reticulum, whereas the inner nuclear membrane contains a unique set of 

proteins, some of which interact with chromatin.
26

 These membranes are separated by a 

lumen and joined at nuclear pore complexes (NPCs).
28

 These nuclear envelope is highly 

impermeable to most kinds of probes, except through these nuclear pores. The nuclear pore is 

composed of proteins called nucleoporins (NUPs). Proteomic analyses of the mammalian 

NPC have estimated 30–50 NUPs.
29,30

 The nuclear pore consists of an eightfold symmetric 

central scaffold, eight cytoplasmic filaments and a nuclear basket.
29,31,32

 These pores serve as 

a gate for the trafficking of proteins and RNAs between the nucleus and cytoplasm.
33-39

 

Human immunodeficiency virus 1 (HIV-1) and other retroviruses deliver a DNA copy of 

their genome into the host cell’s nucleus through the nuclear pore by active cellular transport 

mechanisms. They carry karyophilic signals that direct transport across the intact nuclear 

envelope through NPCs.
40

 Karyophilic signals or peptide regions from viruses that show 

nuclear translocation activity are termed as Nucleus Localisation Signal (NLS). Classical 

NLSs are characterised by short stretches of basic amino acids. Although different examples 

of classical NLS sequences exist, the best understood are those that resemble the SV40 large 

tumour antigen (T-ag), which comprises a single stretch of basic amino acids (PKKKRKV
132

) 

41,42
 and the NLS of the Xenopus protein nucleoplasmin (KRPAATKKAGQAKKKK

170
), 

which consist of two distinct stretches of basic amino acids separated by a spacer of 10–12 
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residues.
43

 A third, less defined class of NLS consist of charged/polar residues interspersed 

with non-polar residues, resembling the yeast homeodomain containing protein, MATα2 

(NKIPIKDLLNPQ
13

 and VRILESWFAKNI
159

)
44,45

. Each of these classes are typically 

recognised by the so-called NLS receptor.
46

 This NLS receptor comprises two cytosolic 

proteins: importin-α (also called α - karyopherin/srp1/NPI1) and importin-β (or β-

karyopherin).
47-53

 NLS binds to importin-α, which binds to importin-β, which in turn docks 

the complex to the nuclear pore by binding directly to nucleoporins.
54-56

 Then the complex is 

translocated through the nuclear pore by an energy dependent process involving the small 

soluble GTPase Ran/TC4
57,58

 and p10 (also called NTF2/pp15).
59,60

 The RanGTP/GDP 

gradient across the nuclear envelope promotes the direction of transport. The RanGTPase and 

its regulators control the rate at which cargo is moved in and out of the nuclear pore, as well 

as the loading and unloading of cargoes.
38

  

  The detection of cell nucleus with specific stains is key to nucleus imaging. Nucleus stains 

can be used as counterstains to help identify the location of specific proteins and targets of 

interest within the nucleus while detection of antibodies against proteins associated with 

nucleus can lead to a better understanding of cell nucleus function.  It is therefore desirable to 

design a molecular probe that can help to study non-invasively, the structure, activities and 

dynamics of the nucleus for longer period of time. As described in the first part (3.1) of this 

chapter, that the noble metal nanoparticles, particularly gold nanoparticles are very promising 

for optical imaging and labeling of biological systems due to their non-toxicity, photostability 

and size dependent optical properties.
61

 AuNPs can easily be synthesized routinely in sizes 

varying from 0.8 to 200 nm and modified with small molecules, peptides, proteins, DNA, and 

polymers.
62

 There are several studies that demonstrate nuclear targeting of peptide 

functionalized non-fluorescent AuNPs and the AuNPs were imaged by a number of 

techniques, such as electron microscopy,
63-65

 surface-enhanced Raman scattering (SERS),
66

 

video-enhanced color (VEC) microscopy and differential interference contrast microscopy 

(DIC)
62,67

. Confocal microscopy has also been used to visualize nuclear trajectories of dye 

labeled non-fluorescent AuNPs.
68-70

 Other studies have also demonstrated the successful 

entry of NLS AuNPs into the nucleus after their microinjection directly into the 

cytoplasm.
71,72

 However, in those studies the NPs were injected directly into the cytoplasm 

near the nucleus, thus bypassing cellular membrane entry and endosomal/lysosomal 

pathways. Recently, nuclear-targeted AuNPs used to distinguish between progenitor and 

differentiated cell types by surface enhanced Raman spectroscopy (SERS).
73
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  Fluorescence based imaging presents a comparatively simple, non-invasive biophysical 

approach to study the cell organelles, such as nuclei. Fluorescent organic dyes are widely 

employed in cell life cycle analysis and flow cytometry and as nuclear counterstains in 

fluorescence microscopy.
74

 Despite great advancement in nanotechnology, only few 

fluorescent nuclear targeting nanoprobes are known.
75-77

 In this section, the preparation of 

nucleus targeting of ultrasmall NIR emitting fluorescent AuNPs have been described. The 

nuclear translocation of the NIR fluorescent AuNPs to nucleus from outside intact cells has 

been observed by confocal laser scanning microscopy (CLSM).  

3.2.2. Result and Disscussion 

Preparation of NIR emitting Nucleaus Targeting AuNPs  

Scheme 3.2.1. Scheme of preparation of NLS sequence labeled NIR emitting fluorescent 

AuNPs. 

  Even though macromolecules and supramolecular complexes are frequently required to 

enter and exit the nucleus during normal cell function, but access is restricted and exchange 

to and from the nucleus is tightly controlled.
78

 The restricted access to nucleus makes the 

design and preparation of the fluorescent AuNPs targeting cell nucleus, a challenging task. 

To prepare AuNPs for nuclear targeting mainly three types of designed were followed. 

Firstly, pre-stabilized non-fluorescent AuNPs were directly conjugated with targeting 

peptide
63

 or amine containing PEG
68

 or with BSA-peptide conjugates
62,67

 and streptavidin-

peptide conjugates
79

 for active nuclear targeting. Secondly, citrate or alkylamine stabilized 

AuNPs were functionalized with mono-thiol modified nuclear targeting peptide or ligand via 

gold and thiol chemistry.
64,73

 Thirdly, BSA directed synthesis of AuNPs and followed by 

conjugation with nuclear targeting antibody, such as Herceptin.
64

  

 

  Initially, In my design of nuclear targeting AuNPs, I functionalized the NIR emitting 

dcBSA-(PEO)500028-(TA)26 coated AuNPs (described in section 3.1) with NLS peptide. The 
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NLS peptides were attached to the protein backbone. But unfortunately, NLS peptide 

functionalized dcBSA-PEO(5000)28-(TA)26 AuNPs donot enter the nucleus, it was found in 

perinuclear region. Most probably the presence of high number of long PEO5000 on the 

protein backbone prevents the interaction between the NLS peptide and NLS receptors 

(importin-α and importin-β). The failure of NLS functionalized dcBSA-AuNPs to translocate 

into nucleus underscores the importance of the design of AuNPs for effective nuclear 

targeting. To reach nucleus any probe must satisfy minimally the following requirements: it 

must (i) enter the cell, via receptor-mediated endocytosis; (ii) escape endosomal/lysosomal 

pathways; (iii) possess a nuclear localization signal (NLS) to interact with the NLS receptors, 

(importin-α and importin-β); and (iv) be small enough (<30 nm) to cross the nuclear 

membrane.  

  In my modified design (Scheme 3.2.1.) of nuclear targeting NIR fluorescent AuNPs, I 

decided to first prepare NIR fluorescent AuNPs stabilized by thioctic acid (TA) and followed 

by conjugation of NLS peptide. TA has several inherent advantages in stabilizing NIR 

fluorescent AuNPs. Fluorescent AuNPs smaller than 2 nm have larger surface curvature 

compared to larger nanoparticles. Larger surface curvature reduces the protecting ligands 

packing density. For stabilization of smaller AuNPs a higher coordination number ligand is 

clearly beneficial.
80

 TA has two closely spaced sulfur groups (constrained by the five-

membered ring structure), which provide better coordination to the NP surface compared to 

monothiol-terminated ligands. Peptides and biomolecules can be conjugated to the AuNPs 

using the reactivity of the free carboxyl group of the TA. Thioctic acid (TA) protected NIR 

emitting fluorescent AuNPs (1) have readily been synthesized by reducing both TA and the 

gold salt with NaBH4 in aqueous solution following the similar procedure reported 

previously.
81

 Mixing HAuCl4 with TA in basic solution led to a gradual light yellow coloured 

solution, indicating the formation of Au(I) complexes due to the interaction of gold ions with 

the disulfides of TA.
82

 Upon adding the reductant NaBH4, the colourless solution slowly 

turned pale brown. It is very important to control the molar ratio of TA to Au as well as the 

amount of NaBH4 during the reaction to obtain brightly luminescent AuNPs. Au(I)–thiol 

complexes have also been suggested for the luminescence of AuNPs due to ligand–metal 

charge transfer and Au(I)–Au(I) interactions.
81-85

 Usually 10 times more NaBH4 was used to 

assure complete reduction of Au
3+

 to Au
0
. 

  The nanoparticles were purified by dialysis and characterized by UV/vis and fluorescence 

spectroscopy, DLS, zeta potential. The absence of surface plasmon band around 520 nm 

indicates that the AuNPs are smaller than 2 nm (Figure 3.2.1 (a) blue line). Unlike large Au 
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nanoparticles, ultrasmall AuNPs exhibit a strong fluorescence with emission maxima 

centered on 680 nm in the near-infrared region in aqueous solution upon excitation at 365 nm 

(Figure 3.2.1 (b), blue line) and the fluorescence arises from mixed intraband (sp to sp) and 

interband (d to sp) transitions as explained in chapter 1 (section 1.3.2) .
86

 The emission 

maxima of these AuNPs are independent of the excitation wavelength and can be excited by a 

wide range of wavelengths below 600 nm. The quantum yield of AuNPs 1 and 2 was 

measured in aqueous solution (pH 9.0) and was determined as 0.7% and 0.76% using 

Rhodamine B (QY = 0.95 in ethanol) as a reference. Probably, high number of electron 

donating amino groups present in NLS peptide increases the QY of the NLS conjugated 

AuNPs. The increase in quantum yield upon conjugation with NLS demonstrates the fact that 

the ligand plays an important role for the luminescence efficiency of AuNPs.
87

  

 

 

 

 

Figure 3.2.1. (a) Absorbance (b) fluorescence of AuNPs. Blue –TA coated AuNPs and red is 

TA coated AuNPs conjugated with NLS. 

 

  The functionalization of TA-AuNPs with the NLS peptide (PKKKRKVEDPYC) has been 

carried out via EDC coupling using the reactivity of the free carboxyl group of the thioctic 

acid (Scheme 3.2.1). EDC reacts with the carboxyl group on the modified nanoparticles, 

forming an amine-reactive O-acylisourea intermediate. This intermediate reacts with an 

amine on the peptide, yielding a conjugate of the two molecules joined by a stable amide 

bond. After the conjugation reaction, the AuNP-NLS conjugate has been purified by dialysis. 
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The purified nanoparticles have been analyzed by UV/VIS, fluorescence spectroscopy, X-ray 

photo electron spectroscopy (XPS), dynamic light scattering (DLS) and zeta potential.  

 

Dynamic light scattering measurement (DLS) 

  Dynamic light scattering (DLS) has been used to determine the hydrodynamic diameters of 

the AuNPs. To test if the conjugation of NLS to the TA-AuNPs have any deleterious effects 

on the AuNPs stability, the nanoparticles were examined by dynamic light scattering (DLS) 

before and after conjugation with NLS peptide. The DLS experiment results are shown in 

Figure 3.2.2a and 3.2.2b. The average hydrodynamic diameter measured for the TA-AuNP-

NLS (2) is 2.2±0.1 nm (Figure 3.2.2b) compared to that for the TA-AuNP (1) 1.69±0.1 nm 

(Figure 3.2.2a). The increase in the hydrodynamic diameters after the conjugation of the 

NLS peptide with TA-AuNPs (1) indicates the contribution of NLS peptide to the 

hydrodynamic diameter. The TA-NLS ligand has a larger lateral extension and results in a 

slightly larger contribution compared to the thioctic acid functions. The functionalization 

with NLS contributed to the increase in the diameter of the AuNPs. 

Figure 3.2.2a. DLS size distribution of  TA-AuNPs (1). 

 

Figure 3.2.2b. DLS size distribution of TA-AuNP-NLS (2). 
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Zeta potential measurement 

  Zeta potential is an important parameter related to the stability of nanoparticles. A relatively 

high surface charge may present a repelling force between the particles and then increase the 

stability of the solution.
88

 The zeta potential of the TA–AuNPs (1) in 1 mM KCl solution (pH 

7.4) was –36.8 ± 2.8 mV. The negative zeta potential is expected because of the carboxylic 

group of thioctic acid present on the surface of AuNPs. After conjugation with NLS the zeta 

potential changes drastically to 11.3±1.7 mV. The positive zeta potential of the AuNPs was 

attributed to the presence of ionized amino groups on the NLS peptide. It is known that the 

surface of a cell membrane is negatively charged. These positively charged nanoparticles 

should interact with cells and should in principle be effectively internalized as discussed later. 

X-Ray Photoelectron Spectroscopy (XPS) measurement 

  A survey scan X-ray photoelectron spectroscopy has been carried out to determine all the 

elements present in TA-AuNPs (1) and TA-AuNPs conjugated to NLS (2). The peaks of 

interest in the XPS survey spectra of TA-AuNPs (1) (Figure 3.2.3a) are the C1s peak at a 

binding energy of 284.6 eV, the Au 4f peak at 83 eV, the sulpur 2p at 162 eV and the oxygen 

1s at 530 eV. It is noteworthy, that there is no nitrogen peak. XPS spectra for NLS conjugated 

AuNPs (Figure 3.2.3b), in addition to C, O, S, Au peak, show a N1s peak at 400 eV which 

relates to the NLS peptide. The presence of the N peak confirms the successful coupling of 

NLS to TA-AuNPs. 

 

 

Figure 3.2.3a. XPS spectra of TA-AuNPs (1). 
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Figure 3.2.3b. XPS spectra of TA-AuNPs conjugated to NLS (2). 

 

Bioimaging of NLS conjugated AuNPs in living A549 cells  

  The nuclear targeting of NLS conjugated AuNPs (2) has been investigated after incubation 

with A549 cells. A549 cells have been exposed to 2 and the fluorescence images of AuNPs 

labelled cells have been recorded after 24h incubation. NIR light emitting AuNPs have been 

found internalized by the cells. The confocal images showed that AuNPs have been localized 

in the cytoplasm as well as in the nuclei of the cells (Figure 3.2.4). The emitted fluorescence 

signals of AuNPs and 4, 6-diamino-2-phenylindole (DAPI) have been separately collected, 

and the subcellular localization of AuNPs has been determined by overlapping the 

fluorescence images of AuNPs with DAPI. A clear pattern of nuclear colocalization of 

AuNPs and DAPI, as judged from the overlapping of the fluorescent signals of AuNPs (red) 

(Figure 3.2.4a) and the nuclear dye DAPI (blue) (Figure 3.2.4c), have been observed 

(Figure 3.2.4d). This transport involves peptidic nuclear localisation signals (NLSs) or 

import signals that bind to nuclear transport proteins (namely the karyopherins), which 

mediate their movement in or out of the nucleus. The role of the NLS in nuclear localisation 

was investigated by using a fluorescent TA AuNPs (1) without any NLS peptide. The TA 

AuNPs (1) was unable to reach the nucleus and it was localised in the cytoplasm as reported 

earlier
14

. The result implies that the NLS amino acid sequence is essential for nuclear 

distribution of AuNPs and occurs by active karyophilic method not by diffusion through 

nuclear membrane.  
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Figure 3.2.4: Confocal microscopy images of A549 cells incubated with AuNPs 2. a) Red 

represents data acquired by the gold channel. (b) DIC image. (c) Blue represents data 

acquired by the DAPI channel. (d) Overlay. Image scanned using simultaneous scanning.  

 

Z-stack Confocal Microscopy Experiemnt 

  It can also happen that the AuNPs are just sticking to the top of nucleus nonspecifically and 

not exactly inside the nucleus. To obtain a precise view of AuNPs localization in intact cells, 

z-stack confocal imaging in live cells was performed. Laser scanning confocal microscopy 

collects light from a single focal plane. It scans the specimen point-by-point, line by line and 

assembles the pixel information into a single image. By moving the focal plane in axial (z) 

dimension, single images can be put together. In our case, the optical sections through A549 

cells in axial (z) dimension were spaced by 0.74 μm. A typical z stack experiment of A549 

cells treated with AuNPs and DAPI is reported in Figure 3.2.5. Figure 3.2.5a shows the 

emission from AuNPs channel and Figure 3.2.5b shows emission from DAPI channel. The 

fluorescence of AuNPs were maximal during the images 5-8 confocal slices, which 

corresponded to the region inside the cell, and well colocalised with the DAPI-stained 

a b 

c d 
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nucleus, which also had the strongest intensity in the images 5-8 confocal slices of the 

confocal z stacks.  The images depicted in Figure 3.2.5a and 3.2.5b, clearly establish that 

AuNPs (2) are predominantly localized inside the nucleus. 

 

Figure 3.2.5a. z-stack imaging data of AuNPs channel of A549 cells, incubated with AuNPs 

2. Scale bar 50 μm. 

Figure 3.2.5b. z-stack imaging data of DAPI channel of A549 cells, incubated with AuNPs 

2. Scale bar 50 μm. 

Conclusions 

  In summary, ultra-small NIR-emitting NLS peptide conjugated AuNPs were constructed in 

a two-step facile synthesis that allow targeting cell nuclei. For translocation of nanoparticles 

into nucleus, the sizes of the AuNPs are a critical factor. The ultra-small (~2 nm) AuNPs 

(1) (2) (3) (5)(4)

(6) (7) (8) (9) (10)

(1) (2) (3) (5)(4)

(6) (7) (8) (9) (10)
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conjugated with the NLS peptide in this study have been proved to be suitable for transport 

across the nuclear membrane. The presence of NLS peptide facilitates the active nuclear entry 

of AuNPs through the nuclear pore complexes. The fluorescent AuNPs described here may 

help to overcome the limitations of traditional nuclear targeting probes and offer several 

advantages. First, fluorescent AuNPs are inherently photostable, which will allow imaging of 

nucleus for longer period of time. Second, unlike traditional nuclear probes which have UV 

or visible emission,
74

 the emission of AuNPs described here, is in NIR wavelength, which 

may be helpful for avoiding autofluorescence and offer the possibility for deep tissue 

molecular imaging of the nuclear components in vivo. Third, the AuNPs have emission 

maxima at 680 nm with excitation wavelength 365 nm. The large Stokes shift, will prevent 

the crosstalk between the excitation light and the emitting, which is a problem specially 

incase of multichannel imaging
89

. Fourth, the design of fluorescent AuNPs requires only one 

type of peptide unlike others where multiple peptides are needed.
67

 Fifth, the studies of 

nuclear uptake of AuNPs demonstrated here are entirely in live intact cells, unlike other 

where non-invasive method, such as microinjection, cell permeation or fixation of cells is 

needed.
71,72,90

 The study in live cell also prevents false results which may arise from artificial 

redistribution of nanoparticles upon fixation. 
91

  

  The nucleus is also the desired target for cancer therapies that involve DNA-drug 

interactions, genes, short interfering RNA, and antisense strategies that target RNA 

splicing.
62

 These therapeutic agents are often prevented from reaching the cell nucleus 

because P-glycoproteins pump them out of the cell.
92

 It has also been shown that delivery of 

drugs; antibody directly to nucleus enhances its efficacy significantly.
77,93

 Fluorescent AuNPs 

described here that cross cell and nuclear membrane barriers efficiently and are unaffected by 

cellular pumping mechanisms, could aid to the enhancement of the efficacy of the 

therapeutics. The fluorescent AuNPs may help to map drug-loaded nanoparticles and the 

release of drug, revealing a varying nuclear diffusion pattern of the chemotherapeutics in 

drug-sensitive and –resistant cells in a live dynamic cellular environment. Currently, single 

molecule imaging and detection of AuNPs using various optical methods in collaboration 

with Prof. Theo Lasser, EPFL is in progress and also the studies related to delivery of 

therapeutics directly to the cell nucleus using nuclear targeting AuNPs are undergoing in our 

laboratory. 
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Chapter 4. 

4.1. Stabilization of fluorescent nanodiamonds 

(FNDs) for cell studies by a polypeptide polymer 

coating 
 

Declaration 

  Experiments with nanodiamonds were accomplished in cooperation with Lars Boorberg, 

Institute of Organic Chemistry III–Macromolecular Chemistry and Organic Materials, Ulm 

University and they were included also within his master’s thesis. The e perimental protocols 

in the Master thesis were based on the intellectual property developed in this thesis. High-

resolution transmission electron microscopy (HRTEM) was performed by Gerardo Algara-

Siller, Electron Microscopy Group of Materials Science, Universität Ulm. T1, T2 and FCS 

measurements were performed by Anna Ermakova, Institute for Quantum Optics, Universität 

Ulm and the theoritical calculations were performed by Dr. Jianming Cai, Controlled 

Quantum Dynamics Group, Universität Ulm. This experimental results in second part 4.2 of 

this chapter have been published previously in Nano Lett. 2013, 13, 3305 written by A. 

Ermakova, G. Pramanik, J.-M. Cai, G. Algara-Siller, U. Kaiser, T. Weil, Y.-K. Tzeng, H. C. 

Chang, L. P. McGuinness, M. B. Plenio, B. Naydenov, and F. Jelezko. Section 4.2 is 

"Reprinted (adapted) with permission from Nano Lett. 2013, 13, 3305. Copyright 2013 

American Chemical Society." 

4.1.1. Introduction: 

  Development of new fluorescent markers for fluorescence microscopy has attracted 

considerable attention during the past decade. Recently developed single molecule detection 

techniques
1
 have the ability to probe fluorescent molecules like single organic molecules or 

auto fluorescent proteins. However, the photostability of such markers often represents a 

limiting factor. This drawback is particularly important for superresolution fluorescence 

microscopy (STED, PALM) and tracking techniques where relatively high excitation 

intensities are used.
2
 In particular the introduction of semiconductor nanocrystals (quantum 

dots) has contributed to an improved photostability,
3
 but toxicity and fluorescence blinking 

limits their application areas. Colour centers in diamond provide a promising alternative to 

the conventional fluorescent markers mentioned above owing to the unique combination of 

physical and chemical properties of the diamond crystal lattice.
4,5

 First, the diamond material 

is biocompatible and fluorescent nanodiamonds (FNDs) are known to be non-toxic.
6
 Second, 
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FNDs possesses more than a few hundred fluorescing defects (colour centers) and some of 

them show very bright and stable fluorescence emission in the NIR region allowing to detect 

single impurities in diamond lattice.
7
 Third, fluorescence properties of localized defects are 

defined by their structure and not by the size of the nanocrystal allowing shrinking the size of 

the marker down to a few nanometers.
8,9

 Furthermore, optically assisted spin readout
10,11

 can 

be used to sense the local magnetic and electric fields using single colour centers.
12 

This 

technique allows the use of FNDs containing single color centers as electric
13

 and magnetic 

field sensors
12-14

 at the nanoscale. Recently, the unlimited photostability of FNDs was 

exploited for superresolution optical imaging
15,16

 and nanoscale MRI.
17

 As the light emission 

results from defect sites within the core of the FNDs, the surface of the particle can be 

modified and bioconjugation performed without altering the emission signal.
18

 The main 

surface groups that are found on FNDs include COOH and C=O groups in addition to 

different alcohol functions (tertiary, secondary, primary) and ether groups.
19-21

 Depending on 

the production method, the surface functionalities of FNDs differ significantly.
22

 However, 

FNDs surfaces also contain varying amounts of removable disordered (sp
2
) graphitic carbon 

on the surface.
22

 Several research groups have exploited these graphitic shells around FNDs  

to functionalize FNDs by means of various reactions, such as Diels–Alder reactions,
23

 

diazonium chemistry,
24

 electrochemical reduction,
25

 radical reaction,
26

 grafting polymer
27

. 

However, the presence of the graphitic shell around the FNDs has also undesired detrimental 

effect on the fluorescence of nanodiamonds. The graphite-shell around FNDs quenches the 

fluorescence which results in multiexponential decays of the FND emission.
28

 These graphitic 

carbon can be removed by treatment with oxidizing mineral acids and/or air oxidation.
29-31

 

Both treatments lead to the formation of mainly carboxyl groups at the FND surface (Figure 

4.1.1).  

 

Figure 4.1.1. The surface of nanodiamonds can be oxidized with various methods. All result 

in coverage with mainly -COOH groups. 
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One of the ways to functionalize FNDs with biomolecules is to covalently couple amino or 

hydroxyl groups from biomolecules with carboxyl groups onto the surface of FNDs via 

carbodiimide chemistry, NHS ester or acid chloride chemistry (Figure 4.1.2).
5,32-34

   

 

Figure 4.1.2. Schematic reaction of carboxylated FNDs with amines and alcohols.  

  However, according to my own findings, FNDs form aggregates, which leads to 

precipitation during carbodiimide coupling of biomolecules as described in greater detail in 

the main part. Similar ineffective coupling of biomolecules and aggregation of the FNDs 

were also reported in the literature
35,36,37 

and these aggregates of FNDs can even withstand 

ultrasonic treatment.
37 

This aggregation tendency increases with decreasing size of the 

FNDs.
38-40 

 Aggregation of FNDs makes homogeneous cell labeling and/or labeling of non-

adherent cells (or suspension cells) very difficult, if not impossible.
41

 For the use of FNDs as 

a fluorescent label or marker for imaging in cells, following hurdles regarding the 

functionalization need to be overcome: (1) After functionalization, FNDs must be soluble in 

water and exhibit long-term stability over a broad pH range, in the presence of high 

concentrations of electrolytes and in biological media. (2) The surface coating of the FNDs 

must promote biocompatibility and reduce non-specific interactions while maintaining an 

overall compact size. (3) Surface functionalization needs to be effective and controllable, 

which permits one to adjust the number and nature of biomolecules attached to FNDs, thus 

facilitating the use of these materials in targeting, sensing, and imaging applications. 



- 86 - 

 

  In recent years, many papers have reported the covalent and non-covalent surface 

functionalization of NDs.
37,42-44

 For e.g. covalent DNA immobilization,
35

 biotinylation,
45

 

phosphorylation,
46

 grafting TEMPO radicals,
47

 suzuki coupling,
48

 click chemistry,
49

 solvent 

free covalent modification
50

 grafting polymers to the nanodiamond surface
51,52

 were 

achieved. Functionalised NDs have been widely used as cellular biomarkers,
5
 glycoproteome 

analysis,
53

 detection of pathogenic bacteria,
44

 chemotherapeutic drug
52,54-58

 and gene
59-62

 

delivery system. However, only few papers
63-65

 have been devoted on improving the 

nanodiamond dispersion stability and avoiding post modification aggregation of the 

nanodiamond in biological media.  

  The motivation for the first part (4.1) of this chapter is to stabilize the FNDs for cell studies 

by the non-covalent coating with the denatured protein based multifunctional polycationic 

polypeptide copolymers and motivation for the second part (4.2) of this chapter is to coat the 

FNDs with native metallo-protein such as ferritin and detect the metallo-protein based on the 

change in relaxation time (T1) and coherence time (T2). 

  The use of polymer coatings bearing multiple functions is very attractive for nanoparticles 

stabilization and have been widely used to afford coating materials for inorganic 

nanoparticles like quantum dots (QDs),
66-68

 iron oxide nanoparticles
69,70

 and gold (Au) 

nanoparticles
71,72

 as diagnostic imaging probes and drug carriers (nanotheranostics)
73,74

. 

These polymer coatings play an important role in delivering high drug payloads to specific 

subcellular targets.
75,76

 Carboxylated nanodiamonds are known to adsorb biomolecules like 

proteins,
36,41,77-79

 toxins,
80,81

 antibodies,
82

 hormones
83

 by non-covalent electrostatic 

interactions, e.g. between the amine groups of biomolecules and carboxylic acid groups of the 

nanodiamonds. Following the above mentioned principle, an efficient method for the 

stabilization of FNDs for cell studies will be developed that allows non-covalent coating of 

FNDs by polypeptide copolymer reported in the previous chapters such as Rho-dcBSA-

PEO(5000)27 (5) (Scheme 4.1.1). Rho-dcBSA-PEO(5000)27 consists of a single polypeptide 

chain derived from the protein bovine serum albumin (BSA) bearing about 27 PEO chains, 

multiple primary amino groups as well as a single chromophore. Unlike, the stabilization of 

AuNPs (chapter 3), where the gold core is covalently connected to the polypeptide copolymer 

via thioctic acid, the FNDs are non-covalently attached with Rho-dcBSA-PEO(5000)27 (5) by 

the electrostatic interaction between carboxylic acid groups of the FND and primary amine 

groups of Rho-dcBSA-PEO(5000)27 (5) (scheme 4.1.1). These results are important to 

achieve highly dispersive FNDs that are resistant to agglomeration in solution in a wide range 
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of pH and even at high ionic strength. In addition, colocalisation of Rho-dcBSA-PEO(5000)27 

and FNDs inside the cell will be studied using confocal laser scanning microscopy (CLSM).  

4.1.2. Results & Discussion 

Development of novel schemes for the coating of FNDs with of Rho-dcBSA-PEO(5000)27 

(5)  

  A schematic of the synthesis of Rho-dcBSA-PEO(5000)27 and coating of FNDs is depicted 

in scheme 4.1.1. The synthesis and the structure of Rho-dcBSA-PEO(5000)27 (5) is very 

similar to the dcBSA-PEO(5000)27, which has been described in chapter 2. The only 

difference is the attachment of the commercially available tetramethylrhodamine-5-

maleimide (Rho) chromophore to native BSA (scheme 4.1.1). The attachment Rho allows to 

visualize the intracellular fate of the Rho-dcBSA-PEO(5000)27 (5)  coating to elucidate 

whether the polymer coating remains intact or get dissociated from the FNDs during the cell 

internalization process. Native bovine serum albumin (BSA, 1) was labeled with a single 

tetramethylrhodamine-5-maleimide (Rho) chromophore to yield Rho-BSA (2), as reported 

previously, by 1,4-michael addition reaction  between the only unpaired and accessible 

cysteine residue (cys34)
84

 of BSA and maleimide group of Rho.
85

 Then, high numbers of 

amino groups were introduced to Rho-BSA by reacting ethylene diamine with the carboxylic 

acid groups of aspartate and glutamate residues of Rho-BSA (2) in the presence of 1-ethyl-3-

(3´-dimethylamino-propyl)-carbodiimide hydrochloride (EDC).
85

 The cationisation or the 

introduction of high numbers of primary amines is necessary to facilitate interaction with the 

carboxylic acids of the FNDs (scheme 4.1.1). The high number of primary amino group 

facilitates coating of the FNDs with the polymer shell by multiple electrostatic interactions 

with the carboxylic acid of the FNDs. The primary amines remain positively charged at 

physiological pH, which helps to improve the stability of FNDs in solution by electrostatic 

repulsion and also the positively charged primary amine groups should enhance the cellular 

uptake of the FNDs. Unfolding globular Rho-cBSA (3) under denaturing conditions in the 

presence of urea and the reduction reagent TCEP, followed by the addition of PEO5000 

maleimide yields copolymer Rho-dcBSA-PEO(5000)27 (5) as described in chapter 2.
86

 The 

presence of PEO5000 is  important given the fact that carboxylated NDs are prone to adsorb 

proteins non-specifically.
36

 Therefore, the addition of PEO5000 should contribute to reduce 

the non-specific adsorption of proteins to the surface of FNDs. Polyelectrolyte complex 

formation between FNDs with multiple carboxylic acid groups at the surface and the 

polypeptide copolymer Rho-dcBSA-PEO(5000)27 (5) with high numbers of primary amino 
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groups along the backbone proceeds via electrostatic interactions in boric acid buffer at pH 

8.5. At pH 8.5, the primary amino groups of Rho-dcBSA-PEO(5000)27 (5) are still positively 

charged and the surface terminating carboxylic acid remains negatively charged. The multiple 

electrostatic attraction forces between the surface-terminating anionic groups (-COO
-
) and the 

positively charged amino groups (-NH3
+
) facilitate the coating of FNDs with Rho-dcBSA-

PEO(5000)27 (5).  

 

Scheme 4.1.1. Schematic representation of preparation of Rho-dcBSA-PEO(5000)27 and 

coating of FNDs with  Rho-dcBSA-PEO(5000)27. 

 

Characterization of the coated FNDs surface.  

The successful coating of FNDs with Rho-dcBSA-PEO(5000)27 has been demonstrated by 

fourier transform infrared spectroscopy (FTIR), size measurement, zeta Potential, X-ray 

photoelectron spectroscopy (XPS), transmission electron microscopy (TEM) and confocal 

colocalisation experiments. 
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Figure 4.1.3. Infrared spectra of (a) FNDs, (b) FNDs coated with Rho-dcBSA-PEO(5000)27 

(6).  

FTIR measurements 

  Figure 4.1.3a shows the FTIR spectrum of acid treated FNDs. Several distinct features 

appear at 3435 cm
-1

, 1635 cm
-1

 in the spectral region. These two peaks can be assigned to the 

O-H stretch of the surface carboxyl groups and to the C=O stretching of the carboxylate 

anion. The associated hydrogen bonds between physically adsorbed water molecules are 

responsible for the broad absorption bands observed at 3000-3600 cm
-1

.
87

 Oxidized FNDs 

contain several carboxylic acid groups at their surface and therefore, they can interact with 

Rho-dcBSA-PEO(5000)27 through electrostatic attraction forces between the surface-

terminating anionic groups (-COO
-
) and the positively charged, protonated amino groups (-

NH3
+
) of the polypeptide shell. Figure 4.1.3b depicts the FTIR spectrum of the Rho-dcBSA-

PEO(5000)27 coated FNDs. Two absorption bands at 1652 and 1506 cm
-1

 are attributed to the 

amide I and amide II modes of the polypeptide backbone, respectively.
87,88

 The significant 

increase in the intensity of the broad peak at 1070 cm
-1

 (C-N stretching of primary amine and 

C-O-C stretching from the high number of polyethylene glycol present in Rho-dcBSA-

PEO(5000)27 polypeptide hybrid) indicates the successful coating of FNDs with Rho-dcBSA-

PEO(5000)27. 

 

(a)

(b)
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Size measurements 

  The coating of FNDs with 5 should lead to an increase of the hydrodynamic radius of FNDs, 

which was studied by fluorescence correlation spectroscopy (FCS) (Figure 4.1.4). The 

diffusion time of only 5 is 0.3-0.7 ms; while after coating, the diffusion time of FNDs with 5 

has increased to 7.2 ms. Slower diffusion times indicate a larger hydrodynamic radius due to 

the presence of the polypeptide shell around the FNDs.  

Figure 4.1.4. (a)Autocorrelation functions of 6 in solutions at different pH ranging from pH 2 

to 8. (b) Autocorrelation function of 6 in 50mM NaCl solution. Lines are experimental data, 

symbols represent the exponential fit. 

 

Figure 4.1.5. Number size distribution of only FNDs by DLS. The average hydrodynamic 

diameter of FNDs is 30.1±1.2 nm. The results were obtained after three independent 

measurements and each measurement consisting of ten individual runs. 
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Figure 4.1.6. Number size distributions of Rho-dcBSA-PEO(5000)27 coated FNDs (6) by 

DLS. The average hydrodynamic diameter of Rho-dcBSA-PEO(5000)27 coated FNDs (6) is 

84.5±3.8 nm. The results were obtained after three independent measurements and each 

measurement consisting of ten individual runs.  

 

  To confirm that the increase in hydrodynamic radius is not due to the presence of undesired 

large (<100 nm in diameter) agglomerates, I have analyzed the FNDs (6) coated with Rho-

dcBSA-PEO(5000)27 with transmission electron microscopy (TEM) (Figure 4.1.7). The TEM 

images show primary particles of average sizes of    30 nm. TEM images of Rho-dcBSA-

PEO(5000)27 coated FNDs reveal well dispersed individual particles. Interestingly, upon 

drying onto the copper grid, Rho-dcBSA-PEO(5000)27 coated FNDs did not flocculate and 

the individual particles are still visible.  The difference in the radii obtained by DLS and 

TEM can be understood by considering the fact that in TEM only the core diamond structure 

is visible, while in DLS the total hydrodynamic diameter of FNDs coated with Rho-dcBSA-

PEO(5000)27 is measured. Contrast in transmission electron microscopy (TEM) is mainly 

produced by electron scattering at the specimen.
89

 In TEM, only the core FNDs strongly 

scatter electrons and appear as dark spot.
89

 While the protein shell around the diamond 

structure scatters only few electrons, it is mostly transparent to the electron beam and do not 

create large contrast, remains invisible in TEM.
89

 DLS is measured in solution. The diameters 

obtained from DLS represent the total hydrodynamic diameter of FNDs coated with Rho-

dcBSA-PEO(5000)27. The large diameter in DLS measurement could be due to the presence 

of PEO chains in their extended architecture under the conditions of the DLS measurements, 

whereas they are collapsed in the dried state.  
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Figure 4.1.7. The TEM image of FNDs coated with Rho-dcBSA-PEO(5000)27 (6). Scale bar 

200nm.  

Zeta Potential measurements 

   To determine the coating of the FNDs, the zeta potential was measured at pH 7.4. 

Uncoated, carboxylated FNDs bear a negative zeta potential of -43.3 mV due to the presence 

of several deprotonated carboxylic acid groups. Coating with Rho-dcBSA-PEO(5000)27 (5) 

partially neutralizes the negative surface charges of the FNDs and the zeta potential of Rho-

dcBSA-PEO(5000)27-FND (6) increases to -9.5 mV. Therefore, this change of the zeta 

potential further implicates the successful coating of the FNDs by Rho-dcBSA-PEO(5000)27. 

 

Figure 4.1.8. XPS S 2p core level spectrum of Rho-dcBSA-PEO(5000)27 coated FNDs (6). 
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X-ray photoelectron spectroscopy (XPS) study 

   An X-ray photo electron spectroscopy study reveals the presence of two different types of 

sulfur atoms in the FNDs sample after coating with Rho-dcBSA-PEO(5000)27 (Figure 4.1.8). 

One of them (S2p3/2 BE: 162.6 eV) is attributed to S (-II) sulfur, which arises from the 

protein backbone. The another (S2p3/2 BE: 167.7 eV) could be assigned to S(+VI) sulfur, 

which relates to sulfate (SO4
2-

) anions, which probably originate from the sulfuric acid used 

to remove graphitic carbon during the purification process. 

Colocalisation of Rho-dcBSA-PEO(5000)27 and FNDs on glass surface 

   To demonstrate successful coating of FNDs with 5, co-localization experiments were 

performed. Figure 4.1.9 reveals the confocal micrograph of the emission of Rho and NV 

centers of FNDs on a glass surface. The colocalized emission from the Rho-dcBSA-

PEO(5000)27 (green) and NV centers (red) confirms the successful coating of FNDs with 

Rho-dcBSA-PEO(5000)27. 

 

Figure 4.1.9. The sample solution was deposited on a glass coverslip and observed with the 

confocal microscope. (a) Green represents data acquired by the Rhodamine channel. (b) DIC 

image. (c) Red represents data acquired by the FNDs channel. (d) Overlay. 

 

(a) (b)

(c) (d)
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Figure 4.1.10. A) Photograph of FNDs solution in 5 mM NaCl. (B) Photograph of Rho-

dcBSA-PEO(5000)27 coated FNDs in 5 mM NaCl solution. (C) Photograph of Rho-dcBSA-

PEO(5000)27 coated FNDs in 1 M NaCl solution. 

 

Stability of Rho-dcBSA-PEO(5000)27 coated FNDs (6) 

  The stability of the FNDs solution strongly depends on the pH and solvent salt 

concentration. For bioimaging inside cells, the formation of stable solutions of FNDs at 

different pH and buffer media with high ionic strength is crucial.
90

 The stability of Rho-

dcBSA-PEO(5000)27-FND (6) in solution was investigated based on their diffusion behaviour 

at a wide pH range of 2-8 and at high ionic strength such as in the presence of 50 mM NaCl 

by applying FCS. Figure 4.1.4b shows the autocorrelation curve for (6) at different pH and at 

50 mM NaCl. The diffusion time of FNDs coated with Rho-dcBSA-PEO(5000)27 at pH 2-8 

were found in the range of 5.6 to 7.7 ms and of 9.6 ms in 50 mM NaCl solution indicating 

that no aggregate formation has occurred. The availability of just a single diffusion time for 6 

indicates that large cluster formation of these functionalized FNDs is suppressed. The minor 

variation in the diffusion time and the diffusion coefficient over the pH range and even at 

very high ionic strength solution demonstrates the high colloidal stability of these FNDs 

(Table 4.1.1). Carboxylated FNDs without Rho-dcBSA-PEO(5000)27 coating precipitate 

even in 5mM solution of NaCl within 30 minutes (Figure 4.1.10A), while Rho-dcBSA-

PEO(5000)27 coated FNDs (6) remain in solution for several months (Figure 4.1.10B).  Even 

in 1M NaCl solution, 6 does not precipitate (Figure 4.1.10C). Most likely, the enhanced 

stability and the suppression of particle agglomeration could be due to the presence of both 

high numbers of primary amino groups and the long polyethylene oxide of Rho-dcBSA-

PEO(5000)27 compared to NDs stabilised by  only PEO
64,91

 or polylysine
36

. Precoating of the 

FNDs with Rho-dcBSA-PEO(5000)27 helps to avoid nonspecific adsorption of the protein 

and other bio-molecules to the surface of FNDs, due to the presence of long polyethylene 

oxide (PEO) chain at the polypeptide backbone. Preventing nonspecific adsorption will 

increase the efficacy of the biosensors designed based on FNDs. The higher solubility and 

1 M NaCl

5mM NaCl

A B

C
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colloidal stability of Rho-dcBSA-PEO(5000)27 coated FNDs should allow avoiding the 

undesirable accumulation of FNDs at the cell surface and facilitate the cellular uptake and 

imaging studies. 

 

Table 4.1.1. FCS data for 6 in solutions at different pH. 

 DiffusionTime 

(milliseocond) 

Diffusion coefficient 

(m
2
/S) 

pH 2 7.7 1.8*10
-12

 

pH 4 7.6 1.8*10
-12

 

pH 6 5.2 2.6*10
-12

 

pH 8 5.6 2.5*10
-12

 

 

 

Figure 4.1.11. Confocal microscopy image of Hela cells incubated with Rho-dcBSA-
PEO(5000)27 coated FNDs (6). (a) Green represents data acquired by the Rhodamine channel. 
(b) DIC image. (c) Red represents data acquired by the FNDs channel. (d) Overlay. Image 
scanned using simultaneous scanning. The green and red spots overlap to such an extent that 
only yellow spots are visible in overlay. 

 

(a) (b)

(c) (d)
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Cellular uptake of Rho-dcBSA-PEO(5000)27 coated FNDs (6) 

   To investigate the internalization and distribution Rho-dcBSA-PEO(5000)27-FNDs into 

cells, HeLa cells are incubated with 6 at physiological buffer for 12 h. Rho-dcBSA-

PEO(5000)27 coated FNDs are uptaken by cells and traffic to the cytoplasm/perinuclear 

region (Figure 4.1.11). The distribution of 6 inside the cell is similar to the precursor protein 

cBSA-147.
34

 Often, polymer coating dissociates from nanoparticles in intracellular 

compartments and the nanoparticles formed intracellular aggregates that are much larger in 

size than the isolated nanoparticles.
75,92-95

 The premature release of cargos from polymer 

coated nanoparticles when interacting with cellular lipophilic membranes has been suggested  

due to the disruption of the polymer coatings from the nanoparticles.
96,97

 Therefore it is also 

necessary to understand the intracellular fate of polymer coated FNDs. The intracellular fate 

of the Rho-dcBSA-PEO(5000)27 coated FNDs has been visualized by colocalisation 

experiments of recording the emission intensities of both Rho and FNDs. Most importantly, 

the emission of the Rho chromophore of the copolymer shell and the FND remain colocalised 

inside the cells even after 24 h of incubation time (Figure 4.1.11). This result implies that the 

non-covalent electrostatic interaction between Rho-dcBSA-PEO(5000)27 and FNDs is very 

strong so that the complex does not dissociate over the time inside the cell. Most probably, 

multiple noncovalent bonds between primary amines of Rho-dcBSA-PEO(5000)27 and 

carboxylic acid of FNDs dramatically enhances the binding strength between FNDs and Rho-

dcBSA-PEO(5000)27 due to entropically favored  cooperative effects. The intact coating of 

Rho-dcBSA-PEO(5000)27 on FNDs has significance for the delivery of cancer therapeutics 

inside cells using polymer coated FNDs. These data will provide guidance for intracellular 

drug delivery using polymer coated FNDs. 

 

Demonstration of multifunctionality of dcBSA-PEO(5000)27 coated FNDs 

  For different biomedical applications, easy functionalization of the diamond materials is 

essential. As a proof of principle, in order to demonstrate access to the functional groups such 

as primary amines on the surface of dcBSA-PEO(5000)27 coated FNDs, these residues have 

been reacted with Fluorescein isothiocyanate (FITC) and NHS activated Atto 520 (scheme 

4.1.2). The isothiocyanates group of FITC form thioureas and NHS activated Atto 520 forms 

a stable amide bond upon reaction with primary amines on the surface of FNDs. FITC and 

Atto520 conjugated FNDs were also well uptaken by Hela cells and confocal laser scanning 

microscopy (CLSM) experiments show the colocalisation of the emission signal of the 

fluorescent dye and the FNDs. The colocalisation of FNDs and the fluorescent dyes confirms 
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  the successful conjugation of FNDs and it is worthwhile to note that no precipitation or 

aggregation occurred during or after the bioconjugation reaction. Re-aggregation after the 

surface functionalization of FNDs is often observed
37

 and the present results suggest that 

dcBSA-PEO(5000)27 coated FNDs can in principle be functionalized with variety of  

biological entities and organic molecules to the FND surface in aqueous media under very 

mild conditions. 

 

Scheme 4.1.2. Schematic representation of multifunctionality of dcBSA-PEO(5000)27 coated 

FNDs. 
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Figure 4.1.12. Confocal microscopy image of Hela cells incubated with FITC labeled 

dcBSA-PEO(5000)27 coated FNDs. (a) Green represents data acquired by the FITC channel. 

(b) Red represents data acquired by the FNDs channel. (c) DIC image. (d) Overlay. Image 

scanned using simultaneous scanning.  

 

Figure 4.1.13: Confocal microscopy image of Hela cells incubated with Atto 520 labeled 

dcBSA-PEO(5000)27 coated FNDs. (a) Green represents data acquired by the Atto520 

channel. (b) Red represents data acquired by the FNDs channel. (c) DIC image. (d) Overlay. 

Image scanned using simultaneous scanning.  
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4.1.3. Conclusions 

  This work presents an important step towards the development of novel fluorescent 

biomarkers based on photostable diamond colour centers. FNDs have been coated 

successfully with a multifunctional, biocompatible, nontoxic
33

 polypeptide copolymer, Rho-

dcBSA-PEO(5000)27. The successful coating of FNDs has been characterized by FTIR, XPS, 

DLS, zeta potential as well as colocalisation studies. The peptide-polymer-coating prevents 

long term aggregation of FNDs in aqueous solution. Rho-dcBSA-PEO(5000)27 coating also 

abolishes the flocculation of FNDs at very high ionic strength as well as at a wide pH range 

even at very low pH. The high stability of the FNDs under physiological conditions offers the 

opportunity for in vivo administration, where it is required to monitor the FNDs over a 

months period after the injection.
98

 The presence of PEO on the surface of the FNDs should 

also reduce opsonization and non-specific interactions with other serum proteins and suppress 

immunogenic response.
99

 Colocalisation of Rho-dcBSA-PEO(5000)27 and FNDs have also 

been shown inside the cell. Colocalisation of Rho-dcBSA-PEO(5000)27 and FNDs indicate 

that Rho-dcBSA-PEO(5000)27 and FNDs behave as a single entity inside the cell. Even 

though 5 and FNDs are not covalently bound, the presence of the strong electrostatic 

interactions between 5 and FNDs prevents dissociation inside the cell. The obtained results 

offer the opportunity to functionalize FNDs by simply modifying the dcBSA-PEO(5000)27 

shell. By this process, the challenges associated with nanodiamond precipitation could be 

avoided. The procedure reported herein offers a straight forward approach toward non-

covalent surface functionalization of FNDs, which will have a great impact on enhancing the 

use of FNDs as markers for in vivo bioimaging, biomedicine and biosensing applications. 

Noteworthy, the side chains of the amino acids in the polypeptide backbone, such as primary 

amines from lysine, carboxylic groups from aspartic and glutamic acids, hydroxyl groups of 

serine, tyrosine and guanidine group of arginine offer the possibility of further covalent (e.g. 

via hydrazone linkers) functionalization of FNDs with drugs, DNA and tumor targeting 

agents. The rich surface functionality in combination with NIR fluorescence of FNDs make 

the nanosystem described herein an potential candidate for building up nanodiamond-based 

theranostics. 

  

    After successful coating of the FNDs with the denatured protein based multifunctional 

polypeptide and the development of a method for the stabilization of FNDs for cellular 

studies, the surface functionalization of FNDs will be further explored to address applications 
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in the field of sensor technology and diagnostics. FNDs are of high interest for detecting 

biomolecules in vitro and in vivo based on their unique magnetic properties. In the following 

section of this chapter, a first prototype will be developed by adsorbing the native metallo-

protein ferritin at the surface of FNDs. The impact of the presence of ferritin on the on the 

relaxation time (T1) and coherence time (T2) of FNDs will be studied with the overall aim to 

establish a novel FNDs detection technology of native proteins in solution. 

 

 

4.2. Detection of the Metallo-Protein Ferritin Using 

Color Centers in FNDs 

 

Declraration: "Reprinted (adapted) with permission from Nano Lett. 2013, 13, 3305. 

Copyright 2013 American Chemical Society." 

4.2.1. Introduction 

Magnetic resonance imaging (MRI) is one of the most frequently used imaging tools in 

clinics, allowing diagnosis to be performed in a noninvasive and real-time manner.
100

 Despite 

its innate high resolution, the low sensitivity of MRI often compromises the quality of 

diagnosis. The sensitivity of magnetic resonance imaging has recently been further improved 

to image single cells
101

 and magnetic resonance force microscopy
102

 has succeeded in 

detecting even single electrons
103

. However, this technique currently requires cryogenic 

temperatures, which limits most biological applications.
104

 It is desirable to develop detection 

systems that allow ultrasensitive and rapid detection of single electron spin states under 

ambient conditions.
105

 

     Fluorescent nanodiamonds (FNDs) emit bright fluorescence at 550–800 nm due to 

imperfections called nitrogen-vacancy (NV) centers or color centers. It consists of a 

substitutional nitrogen atom with an adjacent vacancy (Figure 4.2.1) and has C3v 

symmetry.
106

 The N-V center has a large absorption cross section at the excitation 

wavelength, a short excited state lifetime τ = 11.6 ns
107

 and high quantum efficiency (Φ 

≈1)
108

 suitable for single center detection. Two out of six electrons of the NV centre are 

unpaired, forming an electron spin triplet (S=1) in the electronic ground and first excited 

state. The paramagnetic electron ground state, making it accessible to optically detected  
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Figure 4.2.1. Structure of Nitrogen Vacancy (NV) center in diamond. (Image Ref
116

) 

magnetic resonance (ODMR).
109

 Most importantly, the NV centre operates at room 

temperature and offers stable fluorescence even in small nanodiamonds,
110

 long spin 

lifetimes,
111

 excellent biocompatibility
112,113

 as well as available quantum memory that can be 

encoded in proximal nuclear spins
114,115

 Unlike, magnetic force microscopy NV center based 

single spin magnetometry also does not require magnetic field gradients. The use of a single 

diamond spin has allowed to map nanoscale magnetic field variations.
116

 More recently, 

ambient nanoscale magnetic resonance detection of electronic spins of transition elements 

like Mn
2+

 have been reported by measuring the changes in the decoherence rate (T2) of a 

single spin NV probe.
117

 The nitrogen-vacancy (NV) colour centre in FNDs is a promising 

candidate for nanoscale magnetometry and imaging for extraordinary spatial resolution, field 

precision, linearity and directional sensitivity.
116,118-125

    

  Ferritins are a family of proteins that are found in many types of animals, plants and 

prokaryotes, with the primary function being iron storage. Each ferritin molecule is made of 

24 subunits, which are self-assembled in a non-covalent fashion into a cagelike 

nanostructure.
126

 Ferritin molecules are hollow protein shells that can store between 2500-

4000 iron atoms.
127

 Apoferritin is the protein shell, which is ca. 2 nm thick. The cavity inside 

apoferritin is ca. 8 nm in diameter and it contains a single-domain antiferromagnetic iron-

oxyhydroxide-like core with uniaxial anisotropy and a magnetic moment of about 300 μB 

(resulting from a small fraction of uncompensated Fe
3+

 atomic spins).
128

 Ferritin 

concentrations in serum are positively correlated with the total amount of iron stored in the 

body. Ferritin is critical to iron homeostasis and metabolism in mammals. Its alteration plays 

a significant role in anemia, such as iron aplastic anemia, chronic hemolytic anemia, 

thalassemia, hepatitis, hepatoma and chronic or acute hepatic injury.
129-131

 Iron overload and 

overexpression of ferritin has been suggested to play a role in neurodegeneration in a 
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genetically engineered mouse model.
132

 Hence, the determination of ferritin under 

physiological conditions to obtain pathological information is of great importance.  

     To date, various methods have been applied for ferritin detection, such as, electron 

microscopy,
133,134

 atomic force microscopy (AFM) based techniques,
135-139

 Western blots,
140

 

Radioimmunoassays (RIA)
141,142

 and different immunoassays
143-147

 are commonly used. 

However, these methods have some limitations. The vacuum environment of electron 

microscopy analysis and contact-mode and/or the vibrating motion of the samples in AFM 

imaging may lead to denaturation of the proteins.
134-136,148

 The use of 
125

I in 

radioimmunoassays requires handling and disposal of radioactive chemicals.
149

 Most of the 

other reported detectors for ferritin use biochemical assays which require expensive 

specialized instruments for immunochromatography and reproducibility of electrochemistry 

immunoassays methods are still relatively poor.
145,146

 The inductively coupled plasma mass 

spectrometry (ICP-MS) is also very powerful elemental detector to “screen” the presence of a 

given element in known or unknown large biomolecules and has also been used for detection 

of the iron content in ferritin.
150,151

 However, the instrument itself is very expensive and prior 

to detection, the method needs to isolate ferritin from blood serum and also need harsh 

sample preparation like digestion with nitric acid to extract its iron content.
151

 Therefore, the 

development of a new, simple, sensitive and non-invasive method for ferritin detection is 

very attractive for clinical applications.  

  Herein, first experiments for the implementation of FNDs as biological sensors will be 

demonstrated by immobilizing ferritin proteins at the FNDs surface and by investigating the 

influence of ferritin on the spin properties of single NV centers in FNDs. The metalloprotein 

ferritin has been introduced to the surface of carboxylate terminated FNDs by interactions 

with the amino groups of proteins and carboxylic acids of FNDs. Fourier transform infrared 

spectroscopy (FTIR), size measurements, zeta Potential, X-ray photoelectron spectroscopy 

(XPS), high resolution transmission electron microscopy (HRTEM) were used for the 

characterization of the FND-ferritin complexes (scheme 4.2.1). The iron (Fe
3+

) ions in the 

protein molecule built a strongly fluctuating spin bath which couples to the electron spin of 

the NV. This interaction leads to shortening of both the electron spin coherence time (T2) and 

relaxation time (T1) by an order of magnitude, compared to the values for non-coated FNDs. 
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Scheme 4.2.1. Schematic diagram of the interaction between NV center and ferritin. The NV 

spin is represented in blue and the spin of ferritin in red. The yellow beam represents 

microwave radiation.  

 

 

4.2.2. Results and Discussion 

Functionalisation of FNDs with ferritin   

  Bioconjugation to nanoparticles can be performed actively (covalent bonds via chemical 

reactions) or passively (hydrophobic and/or electrostatic adsorption), after which unbound 

molecules must be separated.
152

 A cost-efficient and simple bioconjugation technique 

between the nanoparticles and the protein is important, particularly for applications that 

require large amounts of the functionalized nanomaterials.
152

 Furthermore, the covalent 

coupling of ferritin to FNDs via carbodiimide chemistry around pH 4-6 may induce 

conformation changes in protein molecules and can lead to denaturation of the protein.
153

 

Since it is well known that ferritin can dissociate and associate in a pH dependent manner and 

release iron from the core of the protein at low pH
152,154

 and also it is sensitive to redox 

agents,
155,156

 chaotropic agent like guanidine
157

. The outcome of the study of the interaction 

between FNDs and ferritin depends on the method of conjugation used. It is very important 

that the method of preparation of FND-ferritin complexes should preserve the native structure 

of ferritin.  

  Nanoscale magnetic imaging using the NV center, generally requires close proximity to the 

sample of interest, since the magnetic field from individual spins falls off with the distance 
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(r)    1 r
3
.
118

 It also means that bringing the NV center closer to the sample places, it is in a 

stronger field which therefore results in faster detection times and improved spatial 

resolution.
118

 Therefore, it would be highly beneficial to establish a conjugation technique 

that allows adjusting the distance between the FNDs and ferritin within few nanometers.   

Keeping in mind all the requirements mentioned above, ferritin was attached to the FNDs 

surface by exploiting non-covalent interactions between FNDs and the biomolecule as 

described successfully in the first part (4.1) of this chapter. In a biological medium, FNDs 

interact with proteins, due to their nano-size and large surface-to-mass ratio and it is also 

known from the literature that oxidized FNDs are good adsorbents for proteins or 

polypeptides.
36

 The adsorption proceeds mainly through electrostatic attraction forces 

between the surface-terminating anionic groups (-COO
-
) and the positively charged amino 

groups (-NH3
+
) of the biomolecules. Previous studies have shown that the oxidized 

nanodiamond adsorb various biomolecules like proteins,
36,41,77-79

 toxins,
80,81

 antibodies,
82

 

hormones.
83

 Ferritin was adsorbed to the surface of FNDs by incubating FNDs and ferritin in 

boric acid buffers at pH 8.5. At pH 8.5, the primary amino groups of ferritin remain 

positively charged and the surface terminating carboxylic acid of FNDs are negatively 

charged. The electrostatic attraction forces between the surface-terminating anionic groups (-

COO
-
) and the positively charged amino groups (-NH3

+
) facilitate the adsorption of ferritin 

on the surface of FNDs. Previously it has been observed that the proteins bound to 

nanoparticles depends on the concentrations of protein in the medium and it increases with 

increasing protein concentrations.
158

 Therefore, to attach a maximum number of ferritin at the 

surface of FNDs and to make sure that the entire FNDs is covered by ferritin; ferritin was 

added 50 times in excess compared to FNDs.  

Purification of FND-ferritin complexes from unbound free ferrtitin 

  After formation of the FND-ferritin complex it was observed by TEM that there were many 

unbound free ferritin molecules in the sample. This free ferritin in the solution can have an 

unwanted effect on FNDs based sensing. Therefore, it was necessary to separate unbound 

ferritin from the FND-ferritin complex. Centrifugation is one of the most important 

separation techniques widely used in colloid science and in cellular and molecular biology.
159

 

Centrifugal forces move particles radially from the axis of rotation and can separate these 

particles by size.
160

 Since the FND-ferritin complexes have larger sizes than the ferritin only, 

it is expected that FND-ferritin sediments to the bottom of the centrifuge tube faster than the 

free ferritin. It is also very important adjust the rotation speed and time, so that only FND-
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ferritin complex is able to sediment at the bottom of the centrifuge tube and that free ferritin 

will remain in the solution. It was found that 1000 rpm and 1 minute is optimal for the 

separation of FND-ferritin complexes from free ferritin. The FND-ferritin complex was 

purified from free ferritin by centrifugation and thorough washing with pure Milli-Q water 

after rotation cycle. The process was repeated for 5 times. The purification process was also 

monitored by TEM (Figure 4.2.2). TEM imaging (Figure 4.2.2b) showed that after washing 

with pure Milli-Q water for 5 times, the free ferritin was completely removed and bound 

ferritins remained still adsorbed to the surface of the FNDs. Adsorption of ferritin on the 

FNDs surface even after 5 times washing indicates high affinity of the ferritin towards the 

FNDs surface. 

 

Figure 4.2.2a. TEM image of unpurified ferritin adsorbed FND. Scale bar 100 nm. 

"Reprinted with permission from Nano Lett. 2013, 13, 3305. Copyright 2013 American 

Chemical Society." 

Nanodiamond 

Free Ferritin 
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 Figure 4.2.2b. TEM image of purified ferritin adsorbed FNDs. "Reprinted with permission 

from Nano Lett. 2013, 13, 3305. Copyright 2013 American Chemical Society." 

 

Characterization of FND-ferritin complexes 

  The successful adsorption of ferritin on FNDs was confirmed by fourier transform infrared 

spectroscopy (FTIR), size measurement, zeta Potential, X-ray photoelectron spectroscopy 

(XPS), high resolution transmission electron microscopy (HRTEM). 

Fourier transform infrared spectroscopy (FTIR) measurements 

  Figure 4.2.3a shows the FTIR spectrum of the FNDs. Several distinct features appear at 

3435 cm
-1 

and 1635 cm
-1

 in the spectral region. These two peaks can be assigned to the O-H 

stretch of the surface carboxyl groups and to the C=O stretching of the carboxylate anions. 

The associated hydrogen bonds between physically adsorbed water molecules are responsible 

for the broad absorption bands observed between 3000-3600 cm
-1

. FTIR was carried out to 

confirm that the protein has been attached to FND. Figure 4.2.3b shows the IR spectrum of 

the FND-ferritin complex. The signals at approximately 1654 cm
-
1 and at 1534 cm

-

correspond to the amide I and amide II bands, respectively, which relate to the peptide bonds 

of the protein ferritin. A broad absorption envelope in the low frequency region (700–400 cm
-

1
) was observed in the FND-ferritin spectra. The ferrihydrite peaks appear at 576 cm

-1
. 
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Figure 4.2.3. FTIR spectra of FND-ferritin complexes. "Reprinted with permission from 

Nano Lett. 2013, 13, 3305. Copyright 2013 American Chemical Society." 

 

Size measurements   

Dynamic light scattering (DLS) measurements 

 

Figure 4.2.4a. Number size distributions of FNDs by DLS. The average hydrodynamic 

diameter of the FNDs is 30.1±1.2 nm. The results were obtained after three independent 

measurements. "Reprinted with permission from Nano Lett. 2013, 13, 3305. Copyright 2013 

American Chemical Society." 
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Figure 4.2.4b. Number size distributions of  FND-ferritin complexes by DLS. The average 

hydrodynamic diameter is 83.8±2.7. The results were obtained after three independent 

measurements. "Reprinted with permission from Nano Lett. 2013, 13, 3305. Copyright 2013 

American Chemical Society." 

 

  Dynamic light scattering (DLS) has been used to characterize the FND-ferritin complexes in 

solution. DLS measurements reveal that the FNDs have an average hydrodynamic diameter 

of about 30.1±1.2 nm (Figure 4.2.4a). After adsorption of ferritin, the hydrodynamic radius 

of the FND-ferritin complexes increases to an average of 84.5±3.8 nm (Figure 4.2.4b). The 

increase in the hydrodynamic radius reflects the contribution of the ferritin on the diamond 

surface. The large increase in the hydrodynamic radius may be due to partial aggregation of 

single FND-ferritin complexes as can be seen in TEM image Figure 4.2.2b. Most likely, a 

mixture of single and dimer FND-ferritin complexes were formed in solution and size of 

aggregated FND-ferritin comple  was around   70-80 nm (Figure 4.2.2b). 

 

 Zeta Potential measurements  

  The FND-ferritin complexes have a more negative zeta-potential in comparison with either 

isolated FND or ferritin (-20.13 mV). Uncoated, carboxylated FNDs bear a negative zeta 

potential of about -40.9±0.7 mV due to the presence of several deprotonated carboxylic acid 

groups. After adsorption of ferritin on the FNDs, the zeta potential of the complex further 

decreased to -46.9±1.1 mV. Most probably due to presence of negatively charged ferritin on 

the surface of FNDs, the zeta potential of FND-ferritin is more negative than carboxylated 

FNDs.  
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X-ray photoelectron spectroscopy (XPS) study  

 

Figure 4.2.5. XPS spectra of FND-ferritin complex, showing the presence of Fe. "Reprinted 

with permission from Nano Lett. 2013, 13, 3305. Copyright 2013 American Chemical 

Society." 

   X-ray photoelectron spectroscopy (XPS) has been used to gain information about the iron 

content of the FND-ferritin complexes. An X-ray photo electron spectroscopy (Figure 4.2.5) 

study of FND-ferritin complexes reveals the presence of iron. The 2p transition was observed 

at 711eV peaks and 3s, 3p exhibit binding energy peak at 95 eV, 53 eV respectively. 

 

High-Resolution Transmission Electron Microscopy (HRTEM) 

  High Resolution TEM (HRTEM) was utilized for the visualization and characterization of 

the FND-ferritin complexes. Figure 4.2.6 shows the HRTEM image of a FND-ferritin 

complex. HRTEM imaging confirmed the adsorption of ferritin to the FNDs. Spherical, 

electron dense iron particles with an average size of about 6-8 nm can clearly be seen on the 

surface of the The HRTEM image was taken by zooming into one of the monomer of FND-

ferritin complex. In the HRTEM image, the FNDs and the iron atoms on the surface of FND 

can be seen. Since the protein shell does not scatter enough electrons, it does not allow for 

sufficient contrast and hence it remains invisible in HRTEM.  
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Figure 4.2.6. HRTEM images of ferritin molecules (right) and FND covered with ferritin 

(left). The red arrows indicate the position of the metalloprotein on the surface. "Reprinted 

with permission from Nano Lett. 2013, 13, 3305. Copyright 2013 American Chemical 

Society." 

 

The optically detected magnetic resonance (ODMR) experiments 

  The optically detected magnetic resonance (ODMR) experiments have been performed 

using a home-built confocal microscope.
161

 For the optical excitation of the NV centers, a 

laser beam of 532 nm is focused on the sample (glass cover slip) using an oil immersion 

objective (60x, NA=1,35). Microwaves for driving the electron spin have been provided by 

wires produced by standard photolithography on the substrate surface. The electron spin 

coherence time T2 has been measured with the ODMR version of the Hahn echo pulse 

sequence,
162

 for the relaxation time T1 determination the adapted inversion recovery 

technique was used.
163

 In total 64 nanodiamonds was investigated and divided into two 

groups – free FND (as received, group 1) and purified FND-ferritin complexes (group 2). As 

a negative control, the decoherence of NV immersed in water (group 1) was measured. The 

T1 and T2 times for both groups are plotted in Figure 4.2.7 and Figure 4.2.8 respectively. 

   

  In both experiments, the average value for group 2 is about seven times shorter compared to 

group 1. Upon adsorption of ferritin to the FNDs surface, dipolar coupling to the additional 

magnetic sources (S = 5/2 Fe
3+

spins) alters the NV decoherence profile, providing new 

extrinsic decoherence channels (as opposed to the nitrogen and surface spin baths intrinsic to 

the FNDs). Importantly, measurements of the spin-echo profile before the addition of spin 

solution allows the initial decoherence sources to be characterised. By knowing the initial 

spin environment, measurements on the same single spin probes allow detecting changes in 

the local magnetic fields arising from the exposure to ferritin. This result confirms that the  
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. 

Figure 4.2.7. Measurement of the electron spin-lattice relaxation time T1 of NV covered by 

FNDs from group 1 (left) and in FNDs from group 2 (left, inset). Statistical distribution of the 

T1 for “free” FNDs (right, blue bars) and for coated FNDs (right, red bars). Decrease of T1 for 

group 2 is clearly visible. The black dotted curve is a theoretical model using the fluctuation 

dynamics of the iron ions. "Reprinted  with permission from Nano Lett. 2013, 13, 3305. 

Copyright 2013 American Chemical Society." 

 

Figure 4.2.8. Electron spin Hahn echo decay for FNDs in group 1 (left) and group 2 (left, 

Inset). Again a decrease of T2 for group is observed. The dotted line is a theoretical model. 

"Reprinted with permission from Nano Lett. 2013, 13, 3305. Copyright 2013 American 

Chemical Society." 

  presence of the ferritin molecules has a strong impact on the spin properties of NV, thus 

demonstrating the feasibility of FNDs as nano-scale magnetic field sensors. Theoretical 

models have been established in collaboration with Prof. Martin Plenio, Controlled Quantum 

Dynamics Group, Universität Ulm which can fully describe the observed effects.  
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  The iron Fe
3+

 (electron spin 5/2) is stored as a ferrihydrite mineral 

[FeO(OH)]8[FeO(H2PO4)], which is attached to the inner wall of the apoferritin sphere. The 

mutual flip-flops of Fe
3+

 spins cause fluctuating magnetic fields acting on the NV inside the 

FNDs. This process has been modeled classically and analyzed in cooperation with the group 

of Prof. Martin Plenio, Controlled Quantum Dynamics Group, Universität Ulm. The iron 

spins exchange polarization randomly at a certain rate, which is related to the line width of 

the electron spin resonance spectrum of ferritin. The transversal component of this fluctuating 

field leads to the relaxation of the NV center and shorten the value of T1. The noise spectrum 

at the frequency corresponding to the NV centers’ zero field splitting (i.e. ωo=2.87 GHz) 

gives the estimation of T1 as 1/S
┴
 (ω=ωo). The value of T2 is affected by the longitudinal 

component of the fluctuating field. The decay of the coherence in the spin echo experiment 

can be calculated from the longitudinal noise spectrum S
‖
(ω)  and the filter function of spin 

echo as  

 

 

  The statistics of the numerical results are obtained from the simulation of a number of nano 

FNDs with 8 to 15 ferritins attached. The numerical results for T1 and T2 are shown as dashed 

lines in Figure 4.2.1 and Figure 4.2.8 respectively. The parameter of the iron spin exchange 

polarization rate is chosen as 2.1 GHz, which is corresponds to the reported spectral width of 

the ESR signal of ferritin.
164

 There is a good agreement between the experimental results and 

the theoretical prediction. 

 

Table 4.2.1. Summary of the effect of ferritin on NV center. 

 

 

FND FND-ferritin

T1 43.6 μS 23.2 μS

FND FND-ferritin

T2 3.4 μS 0.62 μS
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Conclusions  

  External spins (Fe
3+

) have been introduced at the FNDs surface to detect their presence by 

measuring changes in the NV decoherence rate, T1. Nanoscale magnetic resonance detection 

of spins extrinsic to the NV center, using T1 and T2 of NV spins have been demonstrated. NV 

spin-echo shed light on the surface spin dynamics of FNDs. FNDs sensing in principle offers 

certain advantages over more conventional immunoassays, such as it is non-invasive and 

does not need the use of expensive instruments or harsh sample preparation. The 

experimental demonstration of decoherence detection in biological environment underpins 

the considerable potential of nanoscale decoherence-based biosensing. 

    The potential impact of single-spin imaging of ferritin at room temperature can be far-

reaching. The ferritin core composition significantly differs between physiological and 

pathological conditions. Although iron storage is the main role of ferritin, it has also been 

observed that ferritin can bind other atoms such as aluminum, zinc etc.
165

 Many experimental 

evidences indicate a possible relationship between the presence of aluminium (Al) inside the 

ferritin core and the development of Alzheimer's disease (AD).
166

 AD patients shows a low 

percentage of Fe and high content of Al in ferritin.
167

 The metal content of ferritin may serve 

as biomarkers for neurodegenerative diseases, such as Alzheimer’s or Parkinson’s disease.
167

 

Therefore, it would be an important finding if Al is detected inside the ferritin core using NV 

center detection. Understanding the chemical structure of the ferritin core may also help to 

develop an early diagnosis method for the onset of degenerative diseases.  
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Chapter 5. Summary and Outlook 

  In this thesis, innovative approaches have been introduced to prepare highly stable, 

multifunctional, biocompatible NIR emitting nanoprobes (AuNPs and FNDs) by coating the 

nanoprobes with polypeptide based copolymers. Protocols have been established to 

functionalise the NIR probes to stain particular cell organelle (nucleus) and for sensing of 

biomolecule (ferritin). Although the successes have been achieved in synthesis and 

applications of NIR probes, there are still several unexplored features that require further 

studies. In the following section the achievements of this thesis have been summarised and 

also the further directions have been proposed. 

  In this dissertation work the methods for preparation of monodisperse multifunctional 

copolymers from globular proteins have been developed. Copolymers with different 

polypeptide length, charge, secondary structure have been realised by using 

polyethyleneoxide (PEO) as a highly biocompatible and water soluble stabilizer. Instead of 

PEO it is in principle also possible to use other polymers, such as dendrimers or hydrophobic 

polymers as stabilizing agent. The use of a broader stabilizing agent would allow preparation 

of polypeptide copolymers with unique properties suitable for more diverse applications. For 

instance, using hydrophobic polymers as side chains might result in unique supramolecular 

aggregation properties or using dendrimers as side chains might lead to change in rigidity of 

the copolymers. 

  These copolymers have been used for preparation of highly stable ultrasmall NIR emitting 

AuNPs. It has been observed that AuNPs stabilised by copolymer with shorter backbone 

emits more hypsochromic. It would be interesting to prepare AuNPs with various lengths of 

copolymers and gain a clear understanding of the effect of length copolymers on the emission 

properties of AuNPs. This might lead to a method to prepare AuNPs with tunable emission 

wavelength.  

  These multifunctional biocompatible NIR emitting AuNPs prepared in this thesis can easily 

be conjugated to various drug and targeting molecule, such as folic acid, antibody for tumor 

selective drug delivery. NIR emitting fluorescent AuNPs for targeting cell nuclei have been 

constructed and the nuclear uptake has been shown in live intact cell. It can be anticipated 

that the NIR emitting AuNPs may be a promising starting point for the fabrication of 

multifunctional nanomaterials for the study of nucleus biology. It has been reported that a 

significant enhancement in the anticancer activity of the drug; if the drug is directly delivered 

to the cell nucleus.
1
 Therefore construction of multifunctional AuNPs for nuclear-targeted 
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drug delivery system for cancer therapy would be interesting. The drug and NIR emitting 

AuNPs conjugate could be very helpful in studying the mechanism of action of drug. It is 

also worth trying this nuclear targeting NIR emitting AuNPs as a non-viral gene delivery 

agent. One of the bottlenecks for non-viral gene transfer is the nuclear transport of the 

DNA/vector complex. The ultra small NIR emitting nuclear targeting AuNPs have been 

developed in this thesis work could help to overcome the bottlenecks by delivering the gene 

to cell nucleus and improve the efficacy of gene therapy.  

  It has been shown that non-covalent polypeptide copolymer coating of FNDs prevents the 

aggregation of FNDs in biological media. The copolymer coated FNDs behave as a single 

entity inside the cell and they do not dissociate inside the cell. The obtained results offer the 

opportunity to functionalize FNDs by simply modifying the copolymer shell. Already in my 

lab the experiments regarding the functionalization of FNDs are in progess. Currently, 

copolymer coated FNDs have been covalently conjugated to anticancer agent, such as 

doxorubicin via an acid sensitive hydrazone linker and the pH sensitive release profile, 

toxicity of the drug is under study using different optical method, such as FCS, CLSM. 

Polypeptide copolymer coated FNDs have very attractive potential as nanoparticles based 

drug delivery system.  

  It has also been shown that the ferritin molecules have a strong effect on both coherence and 

relaxation time of the FNDs. The iron (Fe
3+

) ions in the protein molecule built a strongly 

fluctuating spin bath which couples to the electron spin of the NV. This interaction leads to 

shortening of both the electron spin coherence time (T2) and relaxation time (T1) by an order 

of magnitude, compared to the values for non-coated FNDs. Iron overload, over expression of 

ferritin have been implicated for neurodegeneration in a genetically engineered mouse 

model.
2,3

 Although ferritin has its main role in iron storage, several experimental evidences 

demonstrate that it is able to bind also in vivo other metals, such as aluminum and zinc.
4,5

 

Many experimental evidences indicate a possible relationship between the presence of Al 

inside the ferritin core and the development of Alzheimer's disease (AD).
6,7

 AD patients show 

a low percentage of Fe and high content of Al in ferritin.
8
 The metal content of ferritin serve 

as biomarkers for neurodegenerative diseases, such as Alzheimer’s, Parkinson’s etc. It would 

be practically useful to develop a new FNDs based detection method that can differentiate 

between various metal content (e.g., Fe
3+

, Al
3+

) inside the ferritin. This technique could be a 

valuable tool for the early diagnosis of onset of Alzheimer and follow-up of the diseases. 
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  Detection of metalloenzyme by FNDs can also be extended to other metallo enzymes 

containing paramagnetic metal, such as manganese-containing superoxide dismutase (Mn-

SOD or SOD2). Manganese-containing superoxide dismutase (Mn-SOD or SOD2), a specific 

antioxidant enzyme for superoxide, is a primary cellular defence enzyme involved in 

protecting cells from oxidative stress.
9
 It would be highly interesting to study the effect of 

manganese in MnSOD on coherence and relaxation time of the FNDs. By observing the 

effect of change in oxidation state of manganese (Mn
2+
↔Mn

3+
) on coherence and relaxation 

time of FNDs, the mechanism of antioxidant activity of MnSOD can be studied. 
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Experimental Details 

Materials  

  All chemical reagents were obtained from commercial suppliers and used without further 

purification unless otherwise noted. Human serum albumin (HSA), hen egg white lysozyme 

(LY), bovine serum albumin (BSA), trypsin inhibitor from Glycine max (Kunitz), trypsin 

inhibitor from chicken egg white (Ovomucoid), dithiothreitol (DTT), O-(2-maleimidoethyl)-

O′-methylpolyethylene(oxide)-5000 (PEO(5000)-MI), N-(2-aminoethyl)maleimide, 4,4´-

dithiodipyridine (DPS), sinapinic acid (ultrapure, matrix substance) and horse spleen ferritin  

were purchased from Sigma-Aldrich. cBSA-147 (cBSA) was synthesized according to the 

previous report.
1
 Hydrogen tetrachloroaurate (III) trihydrate (>99.9%), N-(3 

dimethylaminopropyl)-N´-ethylcarbodiimide hydrochloride, tris(2-carboxyethyl)phosphine 

(TCEP), sorbitol, guanidine.HCl, guanidine.SCN, thioctic acid and N-hydroxysuccinimide 

were purchase from Alfa Aesar. NaBH4 (98%) from Lancaster, Nuclear Localisation 

Sequence (NLS) (PKKKRKVEDPYC) from GL Biochemical Ltd, China and 4′,6-diamidin-

2-phenylindole (DAPI) was purchased from Fluka. Dulbecco’s modified eagle medium 

(DMEM) with glucose 4.5 g/L, fetal bovine serum (FBS) in standard quality (EU approved) 

from PAA Laboratories and MEM non-essential amino acids solution 10 mM (100×) from 

Invitrogen were used for cell culture. Fluorescent nanodiamonds were produced according to 

literature.
2
 Deionized water was purified with a Milli Q plus system (Millipore) having a 

resistivity >1  mΩ cm.  

Instruments and General Procedure of Measurements 

Dynamic Light Scattering (DLS) 

  The particle size and size distribution {polydispersity index (PDI)} were measured by DLS 

on a Nano-Zetasizer (Malvern Instruments) at 20 ºС under the scattering angle of 173º at 633 

nm wavelength. Particle sizes are given as the average of three independent measurements. 

The dispersion was diluted with water in a glass cuvette before the measurement. 

Zeta Potential Measurements 

  Zeta potential measurements were performed at room temperature using a Nano-Zetasizer 

(Malvern, UK). The nanoparticles were resuspended in 5 mM KCl at a concentration of 0.5 

mg/mL. The pH was adjusted to 7 by diluted HCl or NaOH. The zeta potential was calculated 

from the electrophoretic mobility using the Smoluchowski equation
3
 as the average values of 

three runs. 
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Transmission Electron Microscopy (TEM) 

  TEM measurements were performed on a Zeiss EM 10 microscope with an acceleration 

voltage of  0 kV. A total of 5 μL of the sample was placed on a 400-mesh carbon coated 

copper grid and air dried at room temperature. 

UV-visible Absorption Spectroscopy 

  UV-visible spectra were recorded on a TECAN infinite M1000 microplate reader. Aqueous 

AuNPs solutions (300 μL) were analyzed in a 96 well μclear bottom black microplate 

(Greiner, Germany) at room temperature.  

Fluorescence Spectroscopy 

  Emission spectra were recorded on a TECAN infinite M1000 microplate reader upon 

excitation at 365 nm. The aqueous AuNPs solutions (300 μL) were analyzed in 96 well μclear 

bottom black microplates (Greiner, Germany) at room temperature. 

MALDI-ToF-MS Spectrometry  

All MALDI-ToF-MS spectra of protein and peptide samples were recorded on Bruker 

Daltronics REFLEX III mass. The matrix for protein samples used in the experiments was a 

1:1 (v/v) MeCN/H2O (0.1 % TFA) mixture which was saturated with sinapinic acid (3-(4-

hydroxy-3,5-dimethoxyphenyl)prop-2-enoic acid). In order to run a sample, 0.5 μl of the 

sample solution was pipetted on the metal microplate target, followed by 0.5 μl of the matri  

solution and dried in air before analysis. All the MALDI-ToF MS spectra were analysed by 

“mmass” software. 

Gel Filtration  

  Bio-Gel P30 from Bio-Rad was used for desalting column. 1 mL protein solution can be 

purified by 4 g of Bio-Gel P30 gel powder. First, 4 g of Bio-Gel P30 gel needed to be 

incubated in 15 mL of Milli Q water at RT overnight before use. Then, the gel was packed in 

a gel filtration column resulting in about 10 mL of the activated gel. MQ-water was applied 

to wash the column continuously until the elution was completely free of any impurities as 

assayed by UV determination. Later, 1 mL of protein solution was loaded on the column and 

eluted with Milli Q water. 0.5 mL per fraction were collected and assayed via UV absorption. 

Pure fractions were combined which is a protein solution in Milli Q water free of any salts 

and small molecules. Water was further removed via lyophilization to afford the lyophilized 

form of the proteins. 

Fourier Transform Infrared Spectroscopy (FTIR) 

  IR spectra was measured over the wavelength range of 4000–400 cm
-1

 using the KBr disc 

method with a FT-IR spectrometer (Perkin Elmer Spectrum 2000). The dried nanoparticle 
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samples were mixed with KBr powder and pressed into pellets, which were then placed in an 

IR cell.  The blank KBr spectrum provided the background for subtraction. Sample spectra 

were baseline-corrected and smoothed using the Nicoletinstrumental software (OMNICw) 

provided. 

X-Ray Photoelectron Spectroscopy 

  Instrument: Physical Electronics ‟PHI 5800 ESCA Systemˮ. Excitation with 

monochromatized Al Kα radiation (15 kV, 300 W); angle sample-analysator 45°; pass energy: 

93.9 eV for survey scans, 5.85 eV for detail scans; fixed analyzer transmission (FAT)-mode. 

Neutralization with electron flood gun, C (1s) peak binding energy set to 284.8 eV. The 

samples were adsorbed on Si wafers. The information of all elements in thin films were 

gained from the survey scan spectrum of XPS. The detailed information of each element in 

the thin film were obtained from the narrow scan spectrum of XPS. 

AKTA  

  ÄKTA Purifier FPLC and SuperoseTM 6 10/30 column were used for protein copolymer 

purification. 20 mM Tris, 150 mM NaCl (pH 7.4) buffer was used as eluent. 

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS PAGE) 

  Precast NuPAGE TA 3%-8% Gel and NuPAGE Bis-Tris 4%-12% Gel were purchased from 

Invitrogen and gel electrophoresis was performed in Invitrogen Novek
TM

 Mini-Cell. 

Circular dichroism study 

  Circular dichroism (CD) spectra were measured on a JASCO J-810 spectropolarimeter. 

Vivaspin centrifugal concentrators were purchased from GE healthcare. 

 

Chapter 2. Preparation of Monodisperse, Multifunctional Polypeptide Copolymers 

 

Preparation of dcBSA-PEO(5000)28-(TA)26 (2) and dHSA-PEO(5000)27-(TA)22 (4), 

(Scheme 2.1) 

  cBSA (cationised bovine serum albumin) or HSA (0.3 μmol) were dissolved in degassed 

urea-phosphate buffer (10 mL, 10 mM phosphate buffer, 5 M urea and 2 mM EDTA, pH 7.4) 

and stirred at room temperature for 15 min. TCEP (8.6 mg, 30 μmol) was added as a solid 

and the solution was stirred for additional 30 min under argon atmosphere. Then, PEO-5000-

MI (154 mg, 31 μmol) was added and stirred under argon atmosphere for 3 hrs. After the 

attachment of the PEO chains, N-(2-aminoethyl)maleimide trifluoroacetate salt (8 mg, 31.5 

μmol) was introduced and the solution was stirred for another 3 hrs under argon atmosphere 

http://en.wikipedia.org/wiki/Sodium_dodecyl_sulfate
http://en.wikipedia.org/wiki/Polyacrylamide
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in order to react with the remaining thiol groups. Thereafter, the reaction mixture was 

purified by size exclusion FPLC (ÄKTA Explore, SuperoseTM 6 10/30 column, 20 mM Tris-

HCl buffer with 150 mM NaCl, pH 7.4). The purified sample fraction corresponding to first 

protein peak was collected and concentrated by ultrafiltration. Subsequently, the product 

mixture was passed through a Bio-Gel P30 desalting column and lyophilized to afford as 

white solid. Yield-40%. 

 

Preparation of dKunitz-PEO(5000)4 (6) (Scheme 2.2) 

  5mg Kunitz was denatured using 5mL guanidine-Tris buffer (8M guanidine, 0.2 M NaCl, 1 

mM EDTA, and 0.1 M Tris/HCl) stirring at 100
0
C for 4 hour. TCEP (8.6 mg, 30 μmol) was 

added as a solid and the solution was stirred for additional 30 min under argon atmosphere. 

Then, PEO-5000-MI (154 mg, 31 μmol) was added and stirred under argon atmosphere for 3 

hrs. Thereafter, the reaction mixture was purified by size exclusion FPLC (ÄKTA Explore, 

SuperoseTM 6 10/30 column, 20 mM Tris-HCl buffer with 150 mM NaCl, pH 7.4). The 

purified sample fraction corresponding to first protein peak was collected and concentrated 

by ultrafiltration. Subsequently, the product mixture was passed through a Bio-Gel P30 

desalting column and lyophilized to afford as white solid. Yield-25% 

 

Preparation of dLY-PEO(5000)8 (8) (Scheme 2.3) 

   5 mg Lysozyme was denatured using 4 mL guanidine-Tris buffer (8M guanidine, 0.2 M 

NaCl, 1 mM EDTA, 0.1 M Tris/HCl, pH 8.5) by stirring at room temperature for 4 hour. 

Then the disulphide bonds of lysozyme were reduced by adding 1mL 1M DTT and stirring at 

room temperature for 24 h. After 24 h, the pH of the reaction mixture was adjusted to below 4 

using HCl. DTT was separated manually by Sephadex G25 column using 0.1 M acetic acid as 

eluent. Then the solution was lyophilized to get Denatured Lysozyme. PEO-5000-MI (41mg, 

8.2 μmol) was dissolved in degassed urea-phosphate buffer (10 mL, 10 mM phosphate buffer, 

5 M urea and 2 mM EDTA, pH 7.4) and stirred at room temperature for 15 min. Then 

Denatured Lysozyme (5 mg, 0.34 mmol) was added and stirred under argon atmosphere 

overnight. Yield-30%. 

 

Preparation of dOvomucoid-PEO(5000)18 (10) (Scheme 2.4) 

  Ovomucoid was dissolved in degassed 10 M guanidine (pH-7.4) with 15% sorbitol and 

stirred at room temperature for 4h. TCEP (8.6 mg, 30 μmol) was added as a solid and the 

solution was stirred for additional 30 min under argon atmosphere. Then, PEO-5000-MI (154 
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mg, 31 μmol) was added and stirred under argon overnight. Thereafter, the reaction mixture 

was purified by size exclusion FPLC (ÄKTA Explore, SuperoseTM 6 10/30 column, 20 mM 

Tris-HCl buffer with 150 mM NaCl, pH 7.4). The purified sample fraction corresponding to 

first protein peak was collected and concentrated by ultrafiltration. Subsequently, the product 

mixture was passed through a Bio-Gel P30 desalting column and lyophilized to afford as 

white solid. Yield 35%. 

 

Circular Dichroism Study 

  CD spectral measurements were performed on a JASCO J-810 spectropolarimeter. Rapid 

Scan Mode (RSM) CD spectrophotometer equipped with a temperature-jacketed cuvette 

holder was used. The entire instrument, including the sample chamber, was constantly 

flushed with argon gas during the operation. All measurements were done at 37
0
C. For far-

UV CD spectra, (195–245 nm), the protein concentration was 30–40 μg ml. All solutions 

were filtered with a 0.20 µm pore nylon filter prior to recording the spectra. The cuvette 

pathlength was 1 mm. The protein solution was incubated for a minimum of 5 min to enable 

sufficient equilibration at 37
0
C. CD data were analysed by DICHROWEB. 

(http://dichroweb.cryst.bbk.ac.uk/html/home.shtml) 

 

Gel Permeation Chromatography 

  Gel permeation chromatography was recorded by Waters 515 HPLC pump, Waters 244 

refractive index detector, PL Aquagel-OH 30/40/50 and PL Guard Column (Agilent). Pure 

water was used as solvent with a flow rate of 1 mL/min. 

 

Chapter 3. 3.1. Highly Stable, Ultra Small, Multifunctional Near Infrared (NIR) Gold 

Nanoemitters for Bioimaging Application 

Preparation of dcHSA-PEO(5000)27-(TA)22 (1), dcBSA-PEO(5000)28-(TA)26 (3) and 

dLY-PEO(5000)8-(TA)8 (5)  

  Denatured protein-PEO hybrid was dissolved in Milli-Q water (1 mL). Then, thioctic acid, 

activated by N-hydroxysuccinimide (NHS) (2.4 mg, 8 μmol) was dissolved in DMF (0.2 mL) 

and added to the protein-PEO hybrid solution. Then NaHCO3 (0.2 mL, 5 mg/mL) solution in 

water was added to adjust pH to 8.5 and the reaction mixture was vigorously stirred or shaken 

overnight. The insoluble thioctic acid-NHS residue was filtered off after reaction. A clear 

solution was obtained and transferred to an ultrafiltration tube (Vivaspin 20, MWCO 30000), 

http://dichroweb.cryst.bbk.ac.uk/html/home.shtml
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washed 5-times with pure water and further purified through a Bio Gel P-30 desalting 

column.  

Determination of number of thioctic acid attached to the copolymer 

DPS test 

  The procedure for the DPS test has been reported previously.
4
 Briefly, 4,4’-dithiodipyridine 

(DPS) is reduced by free –SH groups to form 4-thiopyridone with a unique absorption 

maximum at 325 nm. A stock solution of 2 mg/mL thioctic acid in 20 mM Tris buffer was 

prepared at pH 7.4. The stock solution was diluted to different concentrations by pure water 

to prepare the standard solution. 20 μL of the sample or the thioctic acid standard and 80 μL 

of freshly prepared 2% (w/v) NaBH4 solution were added into Eppendorf tubes. The solution 

was cooled at 0
0
C and incubated for 3 hours while shaking. After reduction, HCl (1 μL, 6 M) 

was added to adjust the pH to 1. Citrate buffer (50 μL, 1.5 M, pH 4.5) was added and the 

solution was vortexed until no gas formation was observed anymore. Then, aqueous solution 

of DPS (50 μL, 5 mM) was added and incubated for 1min. 200 μL of each solution were 

added to Greiner UV Star
®
 Microplate 96 wells and the absorbance at 325 nm was recorded 

on a Tecan TM InfiniteM1000 microplate reader. The read-out was repeated 3 times on 

average. This assay is sensitive down to 1μg mL thioctic acid with an excellent correlation. 

 

 

 

 

Figure 5.1. Calibration curve of DPS assay based on thioctic acid standard.  
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Table 5.1. Absorption at 325 nm for different concentrations of thioctic acid and PP-PEOs. 

 

Conc. of TA 

(µg/mL) 

 

1000 500 250 125 50 25 12.5 0 

Absorbtion 

endpoint at 325 

nm 

7.127 3.715 2.193 1.292 0.81 0.56 0.48 0.381 

 

Table 5.2. Absorption at 325 nm for different PP-PEOs 

 
 dcBSA-PEO(5000)28-

(TA)26  

dHSA-PEO(5000)27-

(TA)22  

dLY-PEO(5000)8-

(TA)8  

Absorbtion 

endpoint at 325 nm 

0.966 0.933 1.035 

 
The number ( ) of thioctic acids per PP-PEOs is calculated using the following expression 

 

  (

  
  
    

   ) 
  
  

 

 

V1: Volume of   PP-PEOs solution in water = 2 mL 

M1: Molecular weight thioctic acid (TA) = 206.33 g/mol 

c1: Concentration of thioctic acid (TA)  

m2: amount of PP-PEOs used = 6 mg 

M2: Molecular weight of PP-PEOs 

 

General approach for stabilizing AuNPs by protein-derived copolymers: 

  HAuCl4*3H2O (20 µL, 50.8 mM) and the respective copolymer were combined and the 

resulting mixture was diluted to 3.5 mL by distilled water. Thereafter, the mixture was stirred 

at room temperature for 1h. Then, 1 mL of a freshly prepared NaBH4 (1 mg/mL) solution in 

chilled deionized water was added dropwise to the solution containing HAuCl4
.
3H2O and the 
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copolymer using a syringe pump. In all cases, ten times excess of NaBH4 was used. 

Subsequently, the reaction mixture was stirred overnight. Separation of coated AuNPs from 

remaining free copolymer was achieved by passing through a Bio-Gel P30 desalting column. 

AuNPs were characterized by TEM and UV spectroscopy. 

High Resolution Transmission Electron Microscopy of dcBSA-PEO(5000)28-(TA)26 

coated AuNPs (4f) 

  A graphene substrate was fabricated via micromechanical cleavage and transferred to a 

Quantifoil grid. In order to reduce contamination on the substrate, graphene was annealed at 

250°C for 5 minutes and then treated with H2:O2 ion plasma. Solutions of dcBSA-AuNPs (4f) 

were deposited by drop coating on graphene and investigated using an imaging-side 

aberration-corrected FEI TITAN 80-300 operated at 80kV acceleration voltage. 

 

Calculation of the size distribution of dcBSA-PEO(5000)28-(TA)26 coated particle from 

AFM and FCS  

AFM  

  10 µL of an aliquot of dcBSA-PEO(5000)28-TA26 coated AuNPs diluted 100 times (0.5 µM) 

was deposited onto a freshly cleaved mica surface and the solvent was removed by drying in 

air at room temperature. AFM measurements were performed with a Vecco Multimode 3 

AFM using Olympus micro cantilevers with a spring constant of 1.7 N/m. AFM Images were 

recorded on different sample areas with a scan size of 10 µm and analyzed with a particle 

detection and analysis routine within the SPIP 5 (Image Metrology) image analysis software. 

The obtained histograms of the NP height distribution obtained from the analysis of the 

maximal height of more than 1000 particles were fitted with a Gauss curve. 

 

FCS 

  A commercial CLSM-FCS setup manufactured by Carl Zeiss (Jena, Germany) consisting of 

the modules ConfoCor 2, LSM510 and an inverted microscope, model Axiovert 200 was 

used. In addition, a Zeiss C-Apochromat 40x/1.2 W water immersion objective was applied. 

The AuNPs were excited by an Argon laser and the emission was collected after filtering 

with a LP505 long pass filter. The eight-well, polystyrene chambered cover-glass (Lab-Tek, 

Nalge Nunc International) was used as a sample cell for the water solutions of (4). For each 

solution, a series of ten measurements with a total duration of five minutes was performed. 

The confocal observation volume was calibrated using a reference dye with a known 
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diffusion coefficient i.e. Rh6G. The measured autocorrelation curves were fitted with the 

model function given below in order to determine the hydrodynamic radii of 4 in independent 

measurements:                      

                 

 

where N is the average number of fluorescent species in the observation volume V, τD is the 

lateral diffusion time and  S=z0/0 is the ratio of axial to radial dimension of V. The diffusion 

coefficient of the fluorescent species D can be determined as                   and their 

hydrodynamic radius trough                              where T is the temperature, k
B 

the Boltzmann 

constant and η the viscosity of the solution. Average hydrodynamic radii (RH) in the range of 

about 1-2 nm were found.  

Cytotoxicity Assay 

   Onto a white 96 well plate 8000 A549 cells were plated per well and incubated overnight 

for attachment. The wells were 70–80% confluent on the day of experiment. Cells were then 

treated with 50 µL of 1 µM dcBSA-AuNPs (4f). Blank cells without treatment were used as 

positive control. After treatment, Cell-Titer Glo (Promega) cell viability assay kit was used to 

quantify the cell viability of the cell culture in each well, according to the manufacturer’s 

manual. 

 

Cellular Uptake Study 

Transmission electron microscopy 

  Cells grown on 50 µm thick sapphire discs were cryo-fixed by high pressure freezing from 

the physiologically defined state, without prefixation in a Wohlwend HPF Compact 01 high 

pressure freezer (Engineering Office M. Wohlwend GmbH, Sennwald, Switzerland). Electron 

microscopy was performed on ultra-thin sections (70 nm) with a Jeol 1400 at an acceleration 

voltage of 80 kV. 

Scanning Electron Microscopy 

  For scanning electron microscopy cells were chemically fixed with 2 % of glutaraldehyde 

and post fixed with 0.1 % osmium tetroxide, dehydrated in a graded series of propanol, 

critical point dried and coated by electron beam evaporation with 5 nm of carbon. Imaging of 
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the surface using secondary electrons and of the gold particles using the mass sensitive 

backscattered electron mode was performed. 

Confocal Laser Scanning Microscopy (CLSM) 

  In an 8 well Lab-Tek Chambered Coverglass (Nunc) 25.000 A549 cells were seeded per 

well in DMEM and incubated overnight (37°C, 5% CO2 and 95% humidity) for adhesion. 

The next day 50 µl of a 1 µM dcBSA-AuNPs (4f) were added to the cells and incubated for 

24 h under standard conditions. Then the cells were washed twice with PBS. The supernatant 

was discarded and the cells were kept in 150 µl PBS with 2% Glucose and immediately 

determined by CLSM using a Zeiss LSM 710 setup. Optical excitation was carried out with a 

405 nm laser beam. The fluorescence emission of the AuNPs was detected at 630-740 nm. To 

reduce unspecific background each picture was taken as an average of 4 scans. 

 

3.2.Translocation of Near InfraRed (NIR) emitting Gold nanoparticles into the Cell 

Nucleus 

Preparation of Thioctic Acid (TA) capped NIR emitting AuNPs (1) 

  80 µL 100 mM HAuCl4·3H2O, 120 mg TA in 5 mL water at pH 12 were stirred for 1 h. 

Then 1 mL solution of NaBH4 (1 mg/mL) in water was added to reduce the Au
3+

 to Au (0) 

and stirred overnight. Then the AuNPs solution was purified by dialysis (MWCO 1000). 

 

Conjugation of 1 with NLS peptide (2) 

  The pH of the AuNPs solution was reduced very slowly to 6 by adding 1 M HCl dropwise. 

Then 1 mg NLS sequence was added to the reaction mixture and 5 mg EDC.HCl were added 

and stirred overnight. Then the AuNPs solution was purified by dialysis (MWCO 1000). 

 

UV-Vis and fluorescence measurements 

  UV-vis absorption and fluorescence spectra were recorded on a TECAN Microplate Reader. 

300 μL of the AuNPs solution were transferred to flat transparent bottom black 96 well plates 

and measurements were performed. 

 

Nucleus Uptake Study 

Cell Culture 

  A549 cells were seeded onto glass coverslips (13 mm diameter) at a density of 1*10
4
 cells 

per disk in 1 mL of complete medium. The medium used was 71% Dulbecco’s Modified 

Eagles Medium (DMEM) (Sigma, U.K.), 17.5% Medium 199, 9% fetal bovine serum (FBS), 
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1.6% 200 mM L-glutamine, and 0.9% 100 mM sodium pyruvate. The cells were incubated at 

37 °C in a 5% CO2 atmosphere for 24 h. At this time point, the cells were incubated in 

complete medium supplemented with 0.05 mg mL
-1

 (1 µM) gold nanoparticles for 24 h more. 

 

Staining with DAPI 

  DAPI (Fluka) was dissolved in Milli-Q to give a stock solution of 2 mg/mL, and it was 

stored at 4 °C in the dark. The working solution (10 μg/mL) was freshly prepared by diluting 

the stock solution in PBS. The cells were then stained with DAPI for 15 min at room 

temperature in the dark and rinsed with PBS before confocal microscopic analysis. 

 

Confocal Laser Scanning Microscopy 

  In an 8 well Lab-Tek Chambered Coverglass (Nunc) 25.000 A549 cells were seeded per 

well in DMEM and incubated overnight (37°C, 5% CO2 and 95% humidity) for adhesion. 

The next day 50 µl of a 1 µM AuNP solution were added an incubated for 24 h 37°C 5% CO2. 

Then the cells were washed twice with PBS. The Supernatant was discarded and the cells 

were kept in 150 µl PBS + 2% Glucose and immediately determined by CLSM using a Zeiss 

LSM 710 setup. Optical excitation was carried out with a 405 nm laser beam. The 

fluorescence emission of the AuNPs was detected at 630-740 nm. To reduce unspecific 

background each picture was taken as an average of 4 scans. A 60× oil immersion objective 

and pinhole size of 110 μm were used for image capturing. Images were processed and 

analyzed using the ZEN software (Zeiss). 

 

4.1. Stabilization of fluorescent nanodiamonds for cell studies by a polypeptide polymer 

coating 

 

Acid Treatment of FNDs 

  The FNDs (10 mg) of average size of 30 nm, were boiled in a 18 mL mixture of 

concentrated sulfuric, hydrochloric acid and perchloric acids in a volume ratio (1:1:1) under 

reflux at 92 °C for 24 h in order to remove graphitic and organic impurities from the surface. 

The cleaning step involved neutralizing by repeated centrifugation (8 x 30 min at 10000 

rpm), discarding the supernatant and suspending the sediment pellet in deionized water. After 

purification the FNDs were lyophilised and 6 mg solid FNDs were obtained (Yield - 60 %).  
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Preparation of BSA-Rho (2) (Scheme 4.1.1) 

  Mono-rhodamine labelled BSA was prepared according to the following procedure. To a 

solution of BSA (300 mg, 4.5 μmol) in 300 ml 50 mM phosphate buffer pH 7.4 1 ml of a 

freshly prepared aqueous solution of TCEP (1 mM, 1 mmol) , was added and the reaction 

mixture was stirred for 10 min at room temperature. Then, a solution of 

tetramethylrhodamine-5-maleimide (TMRh-MI, from Sigma-Aldrich, 4.3 mg) in DMSO (1 

ml, 9 mmol, 200% excess) was added and the reaction mixture was stirred at RT for another 

1 h under argon atmosphere. The non-reacted TMRh-MI was removed by ultrafiltration and 

size-exclusion chromatography (BioGel P 30, MQ water). The first colored layer was 

lyophilized to afford rhodamine monolabeled BSA as a bright pink solid (260 mg, yield 

86%).  

 

Preparation of cBSA-Rho (3) (Scheme 4.1.1) 

  cBSA-Rho was synthesized according to our previous report.
1
 150 mg (~2.25 µmol) of BSA 

was allowed to completely dissolve in 15 ml of degassed 2.5 M ethylenediamine-HCl 

solution (pH 4.75), followed by adding EDC (4 mmol, 621 mg) and stirring for 75 min. The 

reaction was then terminated by adding 1 ml acetate buffer (4 M, pH 4.75). After reaction, 

cBSA was washed twice with acetate buffer (4 M, pH 4.75) and 3 times with deionized 

distilled water using Vivaspin 20 (MWCO 30000) centrifugal concentrator and then 

lyophilized to obtain 154 mg cBSA-Rho as bright pink fluffy solid (yield: 94%).  

 

Synthesis of Rho-dcBSA-PEO(5000)27 (5) (Scheme 4.1.1) 

  Rho-cBSA (3) (10 mg, 0.15 μmol) was dissolved in degassed urea-phosphate buffer (10 mL, 

10 mM phosphate buffer, pH 7.4, 5 M urea and 2 mM EDTA) and stirred at room 

temperature for 15 min. TCEP (4.3 mg, 15 μmol) was added as a solid, and the solution was 

stirred for additional 30 min under argon atmosphere. Then, PEO(5000)-MI (77 mg, 15.5 

μmol) was added and the mixture was stirred under argon atmosphere for 3 hrs. After the 

attachment of the PEO chains, N-(2-aminoethyl)maleimide trifluoroacetate salt (8 mg, 31.5 

μmol) was introduced and the solution was stirred for another 3 hrs under argon atmosphere. 

Thereafter, the reaction mixture was purified five times by ultrafiltration with 20 mM Tris-

HCl buffer (pH 7.4, containing 150 mM NaCl, 2 mM EDTA) and then by size exclusion 

FPLC (ÄKTA Purifier, column, 20 mM Tris-HCl pH 7.4 buffer with 150 mM NaCl). The 
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purified sample fraction corresponding to the first protein peak was collected and 

concentrated by ultrafiltration. Subsequently, the product mixture was passed through a Bio-

Gel P30 desalting column and lyophilized to yield Rho-dcBSA-PEO(5000)27 as pink solid. 

The yield was 40%. 

 

Adsorption of Rho-cBSA-PEO(5000)28 to the surface of FNDs 

  0.5 mg Rho-cBSA-PEO(5000)28 was dissolved in 100 mL boric acid solution (pH 8.5). 50 

ml solution of   μg mL FNDs solution in boric acid (pH  .5) was added slowly to the Rho-

cBSA-PEO(5000)28 solution using a syringe pump over a period of 3h and stirred overnight. 

The reaction mixture was concentrated to 1 mL using Vivaspin 20 (MWCO 30000) 

centrifugal concentrator by centrifuging at 4000 rpm and used for further experiment. 

 

Conjugation of dcBSA-PEO(5000)27 coated FNDs with FITC (Scheme 4.1.2.) 

  0.1 mg of dcBSA-PEO(5000)27 coated FND and 0.1 mg FITC were stirred for 24 h. Then 

the FNDs samples were purified by membrane dialysis (MWCO 3000) against water (six 

times, 1 L) for 3 days to remove unreacted small molecules and used for cell studies.  

 

Conjugation of dcBSA-PEO(5000)27 coated FNDs with Atto 520 (Scheme 4.1.2) 

  0.1 mg of dcBSA-PEO(5000)27 coated FNDs in 5 mL of water and 0.1 mg Atto 520 NHS 

ester in 100 μL of DMSO were mi ed and stirred for overnight at pH . The pH was adjusted 

with N,N-diisopropylethylamine (DIEA). Then the FNDs samples were purified by 

membrane dialysis (MWCO 3000) against water (six times, 1 L) for 3 days to remove 

unreacted small molecules and used for cell studies.  

 

4.2. Detection of the Metallo-Protein Ferritin Using Color Centers in FNDs 

 

Adsorption of ferritin to the surface of FNDs 

  0.5 mg ferritin was dissolved in 100 mL boric acid solution (pH 8.5). 50 ml solution of 8 

μg mL FNDs solution in boric acid (pH  .5) was added to the ferritin solution slowly using a 

syringe pump over a period of 3h. Then it was let stirr  for overnight. The reaction mixture 

was concentrated to 1 mL (30000 MWCO) by centrifuge at 4000 rpm. Then the ferritin 

adsorbed nanodiamonds were separated from free ferritin by centrifugation at 1000 rpm for 1 

minute. The nanodiamonds precipitated while ferritin remained in the solution. The 
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adsorption of ferritin on the surface of nanodiamonds and the separation of free ferritin was 

monitored by TEM images. 
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Chapter 3 

  High-resolution transmission electron microscopy (HRTEM) of AuNPs (Figure 3.1.5.) was 
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