
ABSTRACT 

GIBSON, NATALIE MARIE. Modified Nanodiamonds for Detoxification. (Under the 

direction of Dr. Tzy-Jiun Mark Luo). 

 

Nanodiamonds (NDs) are an emerging class of biomaterials that are reaching world-

wide attention due to their biocompatible, nontoxic properties and abundant surface 

chemistries that lend them to a wide range of biomedical applications. Furthermore, surface 

functional groups of NDs can easily be tailored to exhibit desirable chemical, physical and 

biological properties. Such characteristics naturally allow for NDs’ surface to be considered 

as ideal carriers for various molecules and biomolecules intended for the delivery or removal 

of molecules in vivo.  

NDs have already shown to have a high affinity for various biological molecules, 

including DNA and proteins. This dissertation, however, expands NDs’ use to the adsorption 

of carcinogenic mycotoxins, aflatoxin B1 (AfB1) and ochratoxin A (OTA). It has been 

estimated that myocotoxins are found in approximately 25 % of the world’s crops each year. 

Ingestion of mycotoxins contaminated crops has been linked to hepatocellular carcinoma, 

disease and death.  Therefore, we aim to develop ND enterosorbents, for the binding and 

removal of mycotoxins within the gastrointestinal (GI) tract, thereby eliminating the effects 

of these toxins. 

While NDs are readily available, raw, unmodified NDs, like those typically received 

from vendors, possess inhomogeneous aggregate sizes and surface characteristics. Our 

research first explored several ND modification techniques to enhance ND’s adsorption of 

AfB1 and OTA. Modification methods assessed in this research include size reduction 

techniques, plasma treatments, silane surface coatings and homogenous surface group 



 
 

 
 

termination, including carboxylation, hydrogenation and hydroxylation. The effectiveness of 

these NDs for mycotoxins removal was determined by calculations of maximum capacities 

and binding constants, as obtained through the Langmuir isotherm and related transform 

equations. Several of these treatments also showed heightening of the NDs’ inherent zeta 

potentials (ZPs), which were essential for interacting with charged molecules, like OTA.  

Furthermore, the increased ZPs lead to improved colloidal stabilities over a wide range of 

pH, which is important for their interaction in the GI tract. While the dyes and OTA 

illustrated primarily electrostatic adsorption mechanisms, neutrally charged AfB1’s 

adsorption was predominantly based upon the aggregate size of the ND substrate. 

In addition to mycotoxins, fluorescent dyes, including propidium iodide, pyranine and 

2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS), were initially utilized during 

methodological development. Fluorescent dye investigations helped assesses the adsorption 

mechanisms of NDs and demonstrated the significance of electrostatic interactions. Beyond 

electrostatic adsorption mechanisms, surface functional groups were also responsible for the 

amount of dye adsorbed, as was also true in OTA adsorption.  Therefore, surface 

characterization was carried out for several ND samples by FTIR, TOF-SIMS and TDMS 

analysis.  

Final results of our studies show that our modified NDs perform better than yeast 

cells walls and other NDs but comparable to activated charcoal in the adsorption of AfB1, 

and outperform clay minerals in OTA studies. Moreover, it was demonstrated that adsorption 

can be maintained in a wide range of pH, thereby, increasing the possibility of NDs use in 

mycotoxins enterosorbent applications.  



 
 

 
 

Modified Nanodiamonds for Detoxification 
 

 

by 
Natalie Marie Gibson 

 

 

A dissertation submitted to the Graduate Faculty of 
North Carolina State University 

in partial fulfillment of the  
requirements for the degree of 

Doctor of Philosophy 

Materials Science and Engineering 
 

 

Raleigh, North Carolina 

2010 

 

APPROVED BY: 

 

_______________________________  ______________________________ 
Dr. Tzy-Jiun Mark Luo    Dr. Donald W. Brenner 
Committee Chair     Committee Co-Chair 

 
 

________________________________  ________________________________ 
Dr. Yaroslava Yingling                                               Dr. Gary Payne 

 

________________________________ 
Dr. Olga Shenderova 



 
 

ii 
 

DEDICATION 

 

To my loving family and Andy. 

 

In memory of James Gibson. 



 
 

iii 
 

BIOGRAPHY 
 
 

 Natalie Marie Gibson was born on June 20, 1984, in Torrance, California, to James 

and Penny Gibson.  She moved to Pittsburgh, Pennsylvania, at an early age where she was 

fortunate enough to grow up surrounded by her grandparents and cousins.  Growing up, 

Natalie attended North Allegheny School District, where she found that she enjoyed creative 

pursuits, such as the arts and dance.  In 2000, she moved to Wake Forest, North Carolina, 

where she finished her last two years at Wakefield High School.  Seeking new experiences, 

Natalie enrolled in many fashion-related clubs where she held several leadership roles.  In 

this new environment, Natalie began to focus more seriously on her studies, though her 

primary focus was on fashion and designing exotic creations.  In her Senior Year, she 

became President of Family, Career and Community Leaders of America (FCCLA).  In this 

role, Natalie setup a visit to North Carolina State University’s (NCSU) College of Textiles.   

This experience combined with her inherent interest in fashion, led to her enrollment at 

NCSU.  

 Though she had intentions of becoming a fashion designer, the textile program 

required completion of several science and math courses.  These courses sparked her innate 

curiosity and creativity.  Furthermore, these science based textile classes opened her eyes to 

new, exciting opportunities.  Natalie quickly changed her major to Textile Technology with a 

focus on Biomedical Textiles where she graduated with a 3.94 GPA in May of 2006.  In the 

fall, Natalie began the Material Science and Engineering program at NCSU with a hunger to 



 
 

iv 
 

expand her knowledge of biomaterials.  Her passion and drive comes from the desire to 

develop new materials and advance technology to help improve the human condition. 

 Natalie appreciated her atypical path to the doctoral program as her creative 

background has assisted her to think outside the box.  Natalie also credits much of her 

inventiveness and determination to dance.  Natalie, a classically trained dancer, has been 

dancing for 21 years and was fortunately able to continue her dance career under the NCSU 

Dance Program’s Dance Visions and the Panoramic Dance Project during her undergraduate 

and graduate years.  Natalie has worked with several nationally renowned choreographers 

who continue to inspire her creativity, expose her to new techniques and teach her to 

overcome challenges.  In her free time, Natalie still dances with and occasionally instructs 

classes for the Dance Program.  Aside from this, she loves spending time with her family and 

boyfriend, Andy, who she has been with since 2001. 

 

 

 

 

 

 

 

 

 



 
 

v 
 

ACKNOWLEDGMENTS 
 

 
 I would like to express my appreciation to all those that have contributed to my 

success in the doctoral program. First, I would like to sincerely thank my advisor, Dr. Tzy-Jiun 

Mark Luo for giving me this opportunity. His guidance and wisdom has helped advance my 

graduate career. I would also like to express my appreciation for the advice and support offered 

to me by my co-advisor, Dr. Donald W. Brenner. He and Professor Luo instilled confidence in 

me-- I shall never forget them.   

 I want to give special thanks to Dr. Olga Shenderova. She was such an important source 

of inspiration to me. She truly opened my eyes to the fascinating world of research, and taught 

me so many lessons both personally and professionally. I am forever indebted to her for her 

mentorship and friendship.  I look forward to her many years of friendship and future 

collaborations. I would also like to express my gratitude to my committee members, Dr. 

Yaroslava Yingling and Dr. Gary Payne whose inquiries and suggestions during the preliminary 

examination have helped guide experiments throughout this past year.  I am equally thankful to 

the International Technology Center (ITC), specifically Dr. Gary McGuire and Dr. Suzanne 

Hens. My residency at ITC for the first several years of my graduate career has led to many 

valuable discussions and perspectives. There are so many others that provided me help and 

support during my graduate years. Please know that I truly appreciate all that you have done 

for me during my graduate studies, and forgive me for not mentioning you by name. 



 
 

vi 
 

   I would like to pay my final acknowledgments to my family, especially my parents, 

grandparents and Andy. They provided love, encouragement and support, without which my 

doctoral studies would not have been possible.  They helped make my dream a reality.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

vii 
 

TABLE OF CONTENTS 

 
List of Tables ........................................................................................................................ xii 

List of Figures ........................................................................................................................ xiv 

 

 

Chapter 1: Introduction ...................................................................................................... 1 

1.0 Introduction .....................................................................................................................  2 

1.1 Nanodiamonds   ................................................................................................................  3 

1.1.1 Synthesis  .......................................................................................................  4 

1.1.2 Post-Synthesis Processing   ............................................................................  6 

1.1.3 Modifications  .................................................................................................  7 

Deep Purification ..........................................................................................   8 

De-agglomeration  ........................................................................................   9 

Fractionation  .............................................................................................. 14 

Surface Functionalization ........................................................................... 17 

Zeta Potential ................................................................................................ 20 

1.1.4 NDs as Biomaterials ........................................................................................  22    

Bioapplications  ............................................................................................. 23 

  Biocompatibility  ............................................................................................  28 

1.2 Mycotoxin Enterosorbents  .............................................................................................  41 

 1.2.1  Aflatoxin  .........................................................................................................  42 

  Aflatoxin Enterosorbents  ...............................................................................  48 

   Activated Charcoal  ..................................................................................  49 

   Biological Binding Agents  ......................................................................  52 

   Clays  .......................................................................................................  53 

       Zeolite   .................................................................................................  54 

       Bentonite .............................................................................................  56 



 
 

viii 
 

       HSCAS ................................................................................................  57 

   Nanodiamonds   ........................................................................................  61 

 1.2.2 Ochratoxin   ....................................................................................................  68 

  Ochratoxin Enterosorbents ...........................................................................  74 

   Yeast & Yeast Cell Walls  .......................................................................  75 

   Activated Charcoal  ..................................................................................  76 

   Clays   .......................................................................................................  76 

   Nanodiamonds   ........................................................................................  77 

1.3 Dye Models  .....................................................................................................................  78 

References   ............................................................................................................................  82 

   

 

Chapter 2: Nanodiamonds for Detoxification  ................................................................108 

 2.1 Introduction  ...............................................................................................................110 

 2.2 Experimental Details  ................................................................................................112 

 2.3 Results and Discussions  ............................................................................................114 

  2.3.1 Zeta Potential  ...................................................................................................114  

  2.3.2 Titration of ND Suspensions  ............................................................................117 

  2.3.3 Aflatoxin Adsorption by NDs  .........................................................................121 

 2.4 Conclusions  ...............................................................................................................123 

 References   ......................................................................................................................124 

 

 

Chapter 3: Colloidal Stability of Modified Nanodiamond Particles   ............................125 

 3.1 Introduction   .............................................................................................................127 

 3.2 Experimental Details ................................................................................................130 

  3.2.1 Types of NDs   .................................................................................................130 

  3.2.2. ND Hydrosol Preparation  ..............................................................................132 



 
 

ix 
 

  3.2.3 Atmospheric Plasma Treatment  .....................................................................132 

  3.2.4 Characterization of ND Surface Groups  ........................................................133 

  3.2.5 Particle Size and Zeta Potential Measurements  .............................................134 

  3.2.6 Automatic Titration   ........................................................................................134 

 3.3 Results and Discussion  .............................................................................................135 

  3.3.1 FTIR Studies  ...................................................................................................135 

  3.3.2 Zeta Potential   .................................................................................................136 

  3.3.3 Plasma Treated Samples  .................................................................................142 

  3.3.4 Titration  ..........................................................................................................144 

 3.4 Conclusions  ...............................................................................................................152 

 References   ......................................................................................................................153 

 

 

Chapter 4: Fluorescent Dye Adsorption on Nanocarbon  
 Substrates through Electrostatic Interactions  ............................................................157 

  4.1 Introduction  ...............................................................................................................159 

  4.2 Experimental Details  ................................................................................................160 

  4.3 Results and Discussion   .....................................................................................163 

  4.4 Conclusions   .......................................................................................................170 

  References  ...............................................................................................................171 

 
 
 
Chapter 5: Propidium Iodide Adsorption and Binding 
 by Nanodiamond and Nanocarbon Particles   .............................................................173 

  5.1 Introduction  ......................................................................................................175 

  5.2 Experimental Details   ........................................................................................177 

  5.2.1 Types of Carbon Species  ..........................................................................177 

  5.2.2 Hydrosol Preparation  ................................................................................179 



 
 

x 
 

  5.2.3 Particle Size and Zeta Potential Measurements  .......................................180 

  5.2.4 Propidium Iodide Adsorption  ..................................................................180 

  5.2.5 Langmuir Isotherm   ..................................................................................182 

  5.2.6 Specific Surface Area  ..............................................................................182 

  5.2.7 Propidium Iodide Desorption  ..................................................................183 

  5.2.8 Surface Characterization   .........................................................................183 

  5.3 Results and Discussion  ......................................................................................185 

   5.3.1 Size and Zeta Potential   ............................................................................185 

   5.3.2 Propidium Iodide Adsorption for All Samples 
    at 0.01 % and 0.03 %   ...............................................................................186 

   5.3.3 Langmuir Studies   .....................................................................................190 

   5.3.4 Specific Surface Areas   ............................................................................194 

   5.3.5 Desorption  ................................................................................................194 

   5.3.6 Surface Characterization  ..........................................................................196 

   5.4. Conclusions   ....................................................................................................199 

  References  ...............................................................................................................201 

  

 

Chapter 6: Modified Nanodiamonds for the Adsorption 
 of Propidium Iodide and Aflatoxin   ............................................................................205 

 6.1 Introduction   .............................................................................................................207 

 6.2 Experimental Details  ................................................................................................208 

  6.2.1 ND Preparation and Modification  ..................................................................208 

  6.2.2 Propidium Iodide Studies  ..............................................................................209 

  6.2.3 Aflatoxin B1 Studies   .....................................................................................210 

 6.3 Results and Discussion  .............................................................................................211 

  6.3.1 ND Modification   ...........................................................................................211 

  6.3.2 Propidium Iodide Studies  ..............................................................................213 



 
 

xi 
 

  6.3.3 Aflatoxin B1 Studies   .....................................................................................225 

 6.4 Coclusions ...............................................................................................................218 

 References  .......................................................................................................................219 

 

 

Chapter 7: Aflatoxin B1 and Ochratoxin A Adsorption 
 By Modified Nanodiamonds   ........................................................................................221 

 7.1 Introduction   .............................................................................................................223 

 7.2 Experimental Details  ................................................................................................225 

  7.2.1 Nanodiamonds  ................................................................................................225 

  7.2.2. Aflatoxin B1 Studies   .....................................................................................227 

  7.2.3 Ochratoxin A Studies   .....................................................................................229 

 7.3 Results and Discussion  .............................................................................................230 

  7.3.1 Aflatoxin B1 Studies  .....................................................................................230 

  7.3.2 Ochratoxin A Studies  ....................................................................................237 

 7.4 Conclusion   ................................................................................................................241 

 References   ......................................................................................................................242 

 

 

Chapter 8: Future Directions   ...........................................................................................247 

 

 

Supplementary Material  ...................................................................................................254 

 

 

Supplementary Data for Chapter 5: TOF-SIMS  ............................................................264 



 
 

xii 
 

LIST OF TABLES 
 
 

Table  1.1.   Comparison of incombustible impurities content and average aggregate 
size for the same initial soot purified with either a wet oxidizer or ozone 
as well as for different additional purification  ...............................................9 

 
Table  1.2.  Centrifugation conditions, average particle sizes in different fractions 

based on the unimodal intensity analysis (third column), average 
volumetric size distribution (fourth column) and fraction yield for Ch-St-
T ND fractionated by consecutive 5-min centrifugations ............................... 16 

 
Table  1.3.   A selection of maximum tolerated levels of aflatoxin B1 in food (μg/kg), 

as stated by the Food and Agriculture Organization   ....................................43 
 
Table  1.4.   Commonly used physical, chemical and biological methods for aflatoxin .....48 
 
Table  1.5.   Summary of in vitro adsorption experiments of aflatoxins by different 

adsorbents  .......................................................................................................67 
 
Table  1.6.  Selected LD50 values and half-lives of OTA in relevant species 

following oral administration  ..........................................................................70 
 
Table  1.7.   Summarized in vitro experiments for ochratoxin A by various sorbents  .......78 
 
Table  2.1.  Agglomerate size (nm) and zeta potential (ZP, mV) for 0.1wt% ND 

suspensions in DI water   ...............................................................................117 
 
Table  2.2.  Sorption capacity of AfB1 by different types of ND (mg of AfB1 per kg 

of ND)  ...........................................................................................................122 
 
Table 3.1.   Processing (type of oxidation from soot, modification, fractionation) and 

properties of the studied detonation NDs.  Zeta potential (ZP, mV), and 
average unimodal intensity-based diameter (nm) of ND particles in 
aqueous suspension are provided   ................................................................130  

 
Table 4.1.   Nanocarbons used in adsorption experiments with general processing 

methods and resulting  diameter  size  measurements (nm) and zeta 
potentials (ZP, mV)   .....................................................................................161 

  



 
 

xiii 
 

Table 4.2.    Maximum capacity and binding constants of RUDDM 1 based on four 
Langmuir transform equations  .....................................................................166 

 
Table 4.3.    Langmuir transform equations showing differences in maximum 

capacities (Qmax) and binding constants (Kd) of Ch-F6 ND based on 
pyranine and ABTS dyes  ..............................................................................168 

 
Table 5.1.   Size (diameter for ND and OLC, nm), zeta potentials (ZP, mV) and 

processing methods of all nanocarbon aggregates used in the 
adsorption experiments  .................................................................................178 

 
Table 5.2.   Transforms used in the calculation of maximum capacity and binding 

constant for PI on (a) NDW-75, (b) NDG- and (c) NDG-80   ......................193  
 
Table 5.3.   Comparisons of calculated SSAs, m2/g, covered by PI based on 

maximum capacity computations, in relationship to the true SSA, m2/g 
(BET). Average pore size, nm, and pore volume were also obtained 
through BET measurements   ........................................................................193 

 
Table 6.1.   Size, zeta potentials (ZP) and processing methods of ND aggregates  ..........212 
 
Table 6.2.    Adsorption capacities (μg/mg) of PI on NDs (0.5 wt. %)  ...........................213 

Table 6.3.   Transform calculations used to calculate maximum capacity, Qmax, and 
binding strengths, Kd, on ND-MOz  ............................................................214 

 
Table 6.4.   Transform calculations used to calculate maximum capacity, Qmax, and 

binding strengths, Kd, on ND-Mst and ND+Mst40  .................................218 

Table 7.1.   NDs used in adsorption experiments with related diameter size 
measurements (nm) and zeta potentials (ZP, mV)  ........................................227 

 
Table 7.2.   Maximum capacity and binding constants of AfB1 on various NDs 

based on four Langmuir transform equations   ..............................................236 
 
Table 7.3.   Maximum capacity and binding constants of NDs (0.1 wt. %) based on 

four Langmuir transform equations  ............................................................240 

Table SM1.  Nanodiamond samples prepared at 0.1 wt. % in DI water and 
sonicated for 4 minutes left to cool to room temperature and 
measured for zeta potential (mV) and size (nm)  ..........................................258 



 
 

xiv 
 

LIST OF FIGURES 
 

Figure 1.1.  Three major steps of production of detonation nanodiamonds  .........................3   
 
Figure 1.2.  Tentative scheme of major structural components of detonation soot 

and commercial DND product  ..........................................................................5 
 
Figure 1.3.  HRTEM images of primary DND particles (a, b), primary DND 

particles forming small agglomerates with atomically sharp grain 
boundaries (c, d); medium-size agglomerates with high (e) and low (f) 
DND packing density and a large aggregate with highly irregular 
shape (g)  ..........................................................................................................11 

 
Figure 1.4.  Schematics of the size ranges of DND primary particles and 

aggregates in relation to different possible areas of biomedical and 
healthcare applications as well as current approaches for obtaining 
DND product within these size ranges ............................................................12 

 
Figure 1.5.  Typical TEM photographs of detonation nanodiamond before (A) and 

after (B) stirred-media milling with zirconia beads. A: particles may 
appear dispersed but are tight agglutinates. B: particles are partially 
aggregated but can be dispersed readily by sonication  ...............................12 

 
Figure 1.6.  Detonation nanodiamond structural changes and proposed uses for 

controlled and sustained release of small molecules or medicinal 
products during different stages of purification: (1) nitric acid 
oxidation, (2) bead milling, and (3) removal of graphitic surface layer ..........14 

 
Figure 1.7.   Photos unstable (a) moderately stable (showing some sedimentation) 

(b) and stable (c) versions of commercially available DND (Ch-St) in 
DI water  ..........................................................................................................15 

 
Figure 1.8.  Photographic image of pellets and supernatant obtained by consecutive 

fractionation of 1 wt. % hydrosol of Ch-St ND oxidized in air (Ch-St-
T) according to the data in Table 1.2   ............................................................15 

 
Figure 1.9.  Schematics of surface groups reported for DND after different types of 

purification modification (a) and possible dissociation of these groups 
in acidic (HCl) and basic media (b)  ..............................................................18 

  



 
 

xv 
 

Figure 1.10.  Existing functional groups on pristine detonation diamond and effects 
of oxidation (with O3, conc. HNO3, H2SO4 or HClO4) or reduction 
(with BH3‐THF solution or LiAlH4)   ............................................................19 

 
Figure 1.11.  Illustration of acid and basic groups on the edge surface of graphene. 

Pyrones surface groups can be responsible for the positive zeta-
potential of the DND possessing residual aromatic rings at the surface. 
The inset illustrates a model of the basicity of carbon surface attributed 
to pyrone-like structures   .................................................................................22 

 
Figure 1.12.  A schematic representation for the combination of indirect-direct 

conjugation of a dye and protein to ND surface. Poly-L-lysine is 
physisorbed onto the ND surface by charge-charge interactions, thus 
providing amine surface groups on the ND for conjugation to either a 
NHS-dye or -protein conjugate   .....................................................................24 

 
Figure 1.13.  Schematic drawing of NaCl-mediated loading and release of 

doxorubicin hydrochloride. The addition of the salt induces 
functionalization of the drug onto the nanodiamond aggregate surface. 
Salt removal drives drug release. This mild switching process is 
amenable toward medically relevant processes   .............................................27 

 
Figure 1.14.  Schematic representation of a mammalian cell showing some possible 

interactions nanodiamond (ND) particles including biomolecular 
binding interactions, entrapment within organelles, and localization to 
areas within the cell resulting in biocompatibility or unforeseen toxic 
insults  ..............................................................................................................29 

 
Figure 1.15.  Generation of reactive oxygen species (ROS) determined by the 

hydrolysis of DCFH-DA after 24 hr of incubation with various carbon 
nanomaterials in (A) neuroblastoma cells and (B) macrophages. Note 
that macrophages produce approximately five times the ROS when 
exposed to the same nanomaterials at the same concentrations as 
neuroblastoma cells. All values were significantly different from the 
control (p<0.05) with the exception of the NDs (A, B) and 100 μg/ml 
concentrations in (A)  ......................................................................................30 

 
Figure 1.16.  Cytotoxicity evaluation after 24 hr of incubation with various 

nanocarbons showing differential toxicity due to factors such as 
nanomaterial composition, size, or shape in (A) neuroblastoma cells or 
(B) macrophages. Note the similar trends in biocompatibility 



 
 

xvi 
 

ND>CB>MWNT>SWNT>CdO for both neuroblastoma cells and 
macrophages, with the latter being more sensitive to the carbon 
nanomaterials. Values that were significantly different from the 
control (p<0.05) are denoted with asterisks (*)  ..............................................32 

 
Figure 1.17.  Dynamics of blood chemistry (A-D) and blood leukocyte levels (E) in 

experimental mice as a function of ND hydrosol concentration and 
time  .................................................................................................................35 

 
Figure 1.18.  Internalization and localization of NDs in neuroblastoma (N2A) cells. 

(A, B) TEM images of thin sections of N2A showing NDs interfacing 
with the plasma membrane as well as internalized into the cytoplasm 
and vacuoles. (C, D) Confocal images of N2A cells incubated with T-
ND taken with a 60x lens. (C) Overlay of transmitted light and 
rhodamine signal after incubated with 50 μg/mL of T-ND (red) for 1 
hour showing perinuclear localization. (D) Demonstration of T-ND 
(red) accumulation over 24 hours into the cytoplasm after incubation 
with 25 μg/mL of T-ND and counterstaining of nuclei with Hoechst 
dye (blue). T-ND is a TAMRA-ND conjugate supplied by ITC, Inc. .............38 

 
Figure 1.19.  Confocal fluorescence images of an A549 cell and carboxylated 100 

nm diamond. (a) The cell nuclei were dyed with Hoechst 33258 to 
reveal the position of the nucleus. (b) The cell tissue was dyed with 
anti-b-tubulin (Cy3) to reflect the cytoskeleton of the cells. (c) The 
cells were interacted with 100-nm cNDs and excited with 488-nm 
wavelength, and the emission was collected in the range of 500–530 
nm. (d) Same as in c but exciting wavelength was 633 nm and 
emission was collected in the range 640–720 nm. (e) Merging the 
images of a–d  ..................................................................................................40 

 
Figure 1.20.  Chemical Structure of aflatoxin B1  .................................................................46 

Figure 1.21.   Methodological approach to the study of activated carbons as 
mycotoxin-sequestering agents  .......................................................................52 

 
Figure 1.22.  Modified ND (MND) sorption characteristics depending on the AfB1 

content in specimen at a constant amount of nanoparticles (a) and 
depending on the content of nanoparticles in specimen at a constant 
amount of AfB1 (volume 1 mL) (b)   ............................................................64 

 



 
 

xvii 
 

Figure 1.23.  Absorption spectra of AfB1 water solutions for various ways of 
processing them: (a) processing with ozonized water with different  

 concentrations of O3 and (b) posterior adsorption on MND (particle 
content is 2.5 mg)   ..........................................................................................66 

 
Figure 1.24.  Ultrastructure of hepatocytes of animals: (a) rats that orally received 

water, (b) rats that orally received the MND hydrosol, (c) rats that 
orally received the AfB1 aqueous solution, (d) rats that orally received 
AfB1 with the MND hydrosol. Bar—2 μm. Arrows show hyperplasia 
of smooth endoplasmic reticulum in hepatocyte image. Note: 
n=nucleus, m=mitochondria, lip=lipid inclusions, ly=lysosomes  ..................67 

 
Figure 1.25.  Degradation of ochratoxin A by carboxypeptidase A   ....................................73 
 
Figure 1.26. Molecular Structure of positively charged fluorescent dye molecule 

propodium iodide (PI)   ....................................................................................79 
 
Figure 1.27.  Molecular structure of negatively charged fluorescent dyes Pyranine 

(a) and ABTS (b)  ............................................................................................81 
 
Figure  2.1.   Zeta Potential as a function of sonication time for 0.5 wt. % I6 ND  ............115 
 
Figure  2.2.  Dependence of zeta potential on ND concentration, using I6-ND  ...............116 
 
Figure  2.3.   Zeta potential vs. pH for five NDs (0.1 wt. %). Titration was carried 

out starting at initial pH toward either pH 1 or pH 12 in each case  ..............118 
 
Figure  2.4.   Effect of titration direction on zeta potential of Kr-Black and Kr-Grey  .......120 
 
Figure  2.5.  Titration curves for 0.1 and 0.01 wt% of Kr-Black  ......................................121  

Figure 3.1.   FTIR spectra of (a) Ch-St, (b) Ch-St F1, and (c) Ch-F6 ND samples 
under vacuum and ambient conditions.  Spectra were taken using ND-
blended K-Br pellet followed by exposure to air (bottom figures) or 
treatment in IR cuvette under vacuum conditions at 100°C to remove 
adsorbed water (top figures)   .........................................................................137 

 
Figure 3.2.    Zeta potential (mV) shown as a function of concentration (wt. %) for 

Ch-F6 ND suspensions in water  ..................................................................139 
 



 
 

xviii 
 

Figure 3.3.   Particle size (nm) of 0.1 wt. % Ch-F6 ND samples vs. various reaction 
times (min) of plasma treatment in oxygen and nitrogen.  Samples on 
both top and bottom electrodes were collected for measurement and 
labeled as “Top Electrode” and “Bottom Electrode,” respectively. 
Particle sizes of plasma treated NDs are smaller compared to that of 
the untreated Ch-F6 ND  ..............................................................................143 

 
Figure 3.4.   Zeta potential (mV) values of 0.1 wt. % Ch-F6 ND vs. various reaction 

times (min) of plasma treatment in oxygen and nitrogen.  Samples on 
both top and bottom electrodes were collected for measurement and 
labeled as “Top Electrode” and “Bottom Electrode,” respectively. 
Oxygen plasma treated NDs exhibit less positive zeta potential values 
compared to the untreated Ch-F6 ND  .........................................................144  

 
Figure 3.5.  Titration curves of  positive and  negative ND samples illustrating zeta 

potential (mV) under various pH conditions.  Samples were titrated 
from initial pH values (ranging from 5-6) to pH 1 and, in a separate 
measurement, samples were titrated from initial pH to pH 12  .....................146 

 
Figure 3.6.   Influences of starting pH and direction of titration on ND zeta 

potential for (a) Kr-Black and (b) Kr-Gray colloids.  Samples were 
titrated from initial pH values (ranging from 5-6) to pH 1, initial pH to 
pH 12, pH 1 to pH 12 and pH 12 to pH 1 (four separate experiments)  ........148 

 
Figure 3.7.   Zeta potential (mV) vs. pH for Kr-Black suspensions of 0.1 wt. % and 

0.01 wt. % under four different titration directions  ..................................151 
 
Figure 4.1.  Nanocarbon substrates illustrating adsorption capacities (μg/mg) of 

0.01 wt. % and 0.03 wt. % propidium iodide (PI) in DI water   ...................165  
 
Figure 4.2.    Langmuir isotherm for RUDDM 1 on propidium iodide (PI) 

adsorption  ......................................................................................................166  
 
Figure 4.3.    Ch-F6 ND illustrating the adsorption isotherm of pyranine, PY, (a) and 

ABTS (b) dyes   ..............................................................................................168 
 
Figure 4.4.   Propidium iodide (a) and Pyranine (b) structures illustrating the top-

down view of each molecule used to estimate the cross-sectional area  .......169 
 
Figure 4.5. Cyclic Voltammetry results showing dye adsorption indicated by a 

signal increase over 30 min for ABTS on Ch-F6  .........................................169 



 
 

xix 
 

 
Figure 5.1.   Adsorption capacities (μg/mg) of 0.01 wt. % and 0.03 wt. % PI in DI 

water on various nanocarbon substrates (1.5 mg/mL)   ...............................186 
 
Figure 5.2.   UV-Vis absorbance spectra of ND-PI supernatants after incubation and 

centrifugation as compared to the reference PI concentration (PI + 
water): ND+180 with 0.009 wt. % PI and NDW-75 with 0.01 wt. % PI ........188 

 
Figure 5.3.   Total percentage of 0.005 wt. % PI adsorbed on activated charcoal (6 

mg/mL) as compared to NDW-75, NDG- and NDG-80 (1.5 mg/mL) 
substrates during 0.25, 0.5, 1 and 24 hour incubation times  ...................189 

 
Figure 5.4.   Langmuir Isotherm plot for adsorption PI to NDW-75, NDG- and 

NDG-80  .........................................................................................................191  
 
Figure 5.5.   Total percentage of PI released from ND substrates, NDW-75, NDG-

80 and  NDG-, during three centrifugation cycles in water (Ctg 1) 
followed by redispersion and centrifugation in NaCl or CaCl2  

  (Ctg 2 and 3)  ................................................................................................195 
 
Figure 5.6.   TDMS profiles CO and CO2 desorbed from NDG-, ND+180 and  

NDW-75  ........................................................................................................198 
 
Figure 6.1.   Langmuir Isotherm for PI on ND-MOz  ........................................................214 
 
Figure 6.2.   CV experiments show adsorption of PI on ND-Mst from 5 to 30 min 

reaction times  ................................................................................................215 
 
Figure 6.3.    AfB1 adsorption on ND+Mst40 showing the influence of incubation 

time  ...............................................................................................................216 
  
Figure 6.4.   AfB1 adsorption on ND+Mst40 showing salt influences  ..............................217 
 
Figure 6.5.   Langmuir isotherm for AfB1 on ND+Mst40 and ND-Mst40  ........................217 
 
Figure 7.1.   Salt additions to OTA solutions reduce primary peak and create 

secondary peak salt addition to OTA in the presence of NDs, with all 
other factors remaining the same, still show adsorption of the toxin  ...........230 



 
 

xx 
 

Figure 7.2.  Results of AfB1 adsorption on various ND substrates showing 
different adsorption capacitates based on manufacturing treatments 
and aggregate sizes (nm)  ...............................................................................231 

Figure 7.3.  Chemical Structure of aflatoxin B1 (AfB1)  ..................................................232 

Figure 7.4.  Effect of ND:AfB1 ratios on adsorption percentage and capacity. ND 
concentration (0.5 wt. %) and AfB1 concentration (10 μg/mL) 
remained consistent  .......................................................................................235 

 
Figure 7.5.  Langmuir isotherm for AfB1 on various ND substrates and at different 

ND concentrations  ........................................................................................235 
 
Figure 7.4.  Results of OTA adsorption on various ND substrates (0.1 wt. %) 

showing different adsorption capacitates based on manufacturing 
treatments and aggregate sizes (nm)  .............................................................238 

 
Figure 7.5.  Chemical structure of ochratoxin A (OTA)  ..................................................239 
 
Figure 7.6.  Langmuir isotherm for OTA, Ch-st, I6-140 and I6-OH substrates (0.1 

wt. %)  ............................................................................................................240 

Figure 8.28.  Interaction of AfB1 exo-8,9-epoxide with DNA  ..........................................250 
 
Figure 8.29.  Metabolic activation of aflatoxin B1 to AfB1 exo-8,9-epoxide is 

carried out by cytochrome P450. The epoxide reacts region- and 
steroselectively with N7 of guanine to form the primary adduct trans-
8,9-dihydro-8-(N7-guanyl)-9-hydroxyaflatoxin B1  ....................................250 

 
Figure SM1.  Titration curves of positive and negative nanodiamonds illustrating the 

influence of manufacturing treatments on ND behavior under various 
pH environments. (Titration was completed from the natural pH to 12 
and natural pH to 1)   .....................................................................................261  

 
Figure SM2. Titration curves of Kr-Bl ND demonstrating the importance of titration 

directions  .......................................................................................................262 
 
Figure SD1.  TOF-SIMS spectra of NDG- and NDW- NDs   ..............................................265 

Figure SD2.  TOF-SIMS spectra of ND+180 ND  ...............................................................266



 
 

1 
 

 
 
 
 
 
 
 

 

Chapter 1 
 
 
 
 
Introduction 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

2 
 

1.0 Introduction 

Advances in research of nanomaterials coupled with an ever increasing knowledge of 

human biology are creating the advances in medicine at rates that few ever thought possible. 

Much of this success is due to nanobiotechnology, an emerging field, which relies on the 

discovery and synthesis of new biomaterials. Within this field, nanodiamonds are emerging 

as a newly explored biomaterial to overcome limitations present with traditional materials. 

Nanodiamonds (NDs), first identified in the 1960’s in Soviet Russia [1], are now reaching 

world-wide attention as scientists are recognizing its unique properties based on its high 

biocompatibility and easily modified surfaces. Such characteristics are leading to exponential 

growth in ND adsorbent research, where various molecules and biomolecules are being 

targeted on the ND’s surface for delivery or removal of molecules in vivo. The current 

dissertation specifically focuses on the development of ND enterosorbents for the removal 

and detoxification of ingested mycotoxins.   In this chapter the fundamentals of NDs and ND 

research will be discussed (Section 1.1). Section 1.2 introduces mycotoxins with a focus on 

current mycotoxin enterosorbents and the limitations of these enterosorbents. To better 

understand adsorption mechanisms of ND materials several dyes, mentioned in Section 1.3, 

are utilized during methodological development.  
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1.1 Nanodiamonds 

The family of nanocarbons is quite diverse including well-known materials such as 

carbon nanotubes, fullerenes, and nano-carbon black [1, 2] . NDs, also falling under the 

nanocarbon family, have traditionally remained less common in literature.  However, as 

knowledge is gaining of ND materials, their use is rapidly expanding to include them in 

various research areas, including biology, materials science and chemical engineering 

disciplines.  Many varieties of NDs exist, stemming from their three basic manufacturing 

steps: (1) synthesis, (2) post-synthesis processing, and (3) modification (Figure 1.1).  In this 

work the research focus is on detonation nanodiamonds (DND), often called ultradispersed 

diamond, although NDs formed through high-pressure high-temperature (HPHT) [3] and 

chemical vapor deposition (CVD) [4] techniques, as well as naturally occurring diamondoids 

[5] also exist. 

 

Figure 1.1. Three major steps of production of detonation nanodiamonds [6] 
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1.1.1Synthesis  

DNDs are most commonly synthesized through mixtures of trinitrotoluene (TNT) and 

1,3,5-trinitro-1,3,5-s-triazine (RDX), though an assortment of other explosives may be used.  

The explosives are detonated in a chamber with a negative oxygen balance, so that a surplus 

of carbon remains in the system [7].  Upon detonation, the shockwave propagates at high 

pressures, 20 to 30 GPa, and high temperatures, 3500 to 4000 K, compressing the free carbon 

into 4-5 nm diamond particles [2, 8, 9]. The product of the explosion is “soot,” in which the 

newly created diamond particles, termed primary particles, are present.  To inhibit large 

amounts of graphite formation associated with the high temperatures of detonation, a non-

oxidizing cooling medium must be in place during discharge. This may occur in “wet” or 

“dry” form, meaning the use of water or ice, or N2, CO2, or Ar gases. The rate of cooling 

should be at least 3000 K/min [10] as this rate is linked to the yield of diamond particles in 

the resulting soot [11, 12].  Diamond yields of 40 to 80 wt. % have been reported depending 

on detonation conditions [6], where diamond content can be determined through x-ray 

diffraction (XRD) analysis [13]. The remainder of the soot is comprised of incombustible 

impurities (1 to 8 wt. %) and non-diamond carbon (25 to 45 wt. %) that must be removed 

before use [14]. Though NDs produced via detonation synthesis require additional processing 

to remove the non-diamond remnants, DNDs have added advantages of being produced 

inexpensively and large, tons-quantities [10]. The average cost of DNDs is $1 to 2/gram for 

well purified polydispersed materials with a ~200 nm aggregate size and $10 to 20/gram for 

20 nm particles.  As a comparison 25 nm HPHT NDs cost on the order of $75/gram [6, 15].  
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DNDs are both interesting and complex in the fact that alterations to the 

manufacturing procedures lead to alterations in the resulting properties of the NDs [16]. 

Many of these characteristic variations come about during post-synthesis processing 

performed at the manufactures site. One of the primary goals during this step, as described in 

more detail below, is to remove impurities such as amorphous carbon and incombustible 

components, i.e., metallic components, formed from the metal chambers during detonation. 

NDs produced through detonation synthesis have higher impurity contents than NDs 

produced under other methods, for example, HPHT diamonds which are comprised of at least 

96 % carbon. Alternatively, DNDs after conventional purification procedures have an atomic 

makeup of carbon (~80 to 89 %), oxygen (≤ ~10 %), nitrogen (~2 to 3 %), hydrogen (~0.5 to 

1.5 %) and incombustible remnants (~0.5 % to 8 %). Of the carbon phase present 

approximately 90 to 99 % of it has a diamond structure [14]. Figure 1.2 represents the 

composition of detonation soot before and after post-synthesis procedures [6].  

 
 
Figure 1.2. Tentative scheme of major structural components of detonation soot (left) and 
commercial DND product (right) [6]. 
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1.1.2 Post-Synthesis Processing 

 Post-synthesis purification is an imperative step in preparing NDs for bioapplications. 

The Food and Drug Administration (FDA) places strict regulations on materials for medical 

and pharmaceutical use, thus, ND processing techniques aspire to meet the stringent 

regulations. A variety of techniques are used to extract NDs from the remainder of the soot 

impurities.  While these techniques vary from vendor to vendor, the most regularly used 

process includes strong liquid oxidizers at elevated temperatures. In this process it is 

important to oxidize both the metallic content and non-diamond carbon from the exposed ND 

surface as well as in the internal cracks of the aggregates. As mentioned, NDs directly after 

detonation have primary particle sizes of 4 to 5 nm, however, immediately after synthesis the 

NDs aggregate to make larger particle sizes [2, 8, 9], as illustrated in Figure 1.2. The 

aggregates, which are made up of tightly and loosely bound parts, must be disintegrated for 

complete purification from incombustible and amorphous carbon impurities. Typically, 

metallic impurities are removed using sulfuric acid, sulfuric/nitric acid mixtures, 

hydrochloric acid and potassium dichromate in sulfuric acid [17, 18], whereas sp2 remnants 

are extracted by use of KOH/KNO3, Na2O2, CrO3/H2SO4, HNO3/H2O2 under pressure, and 

sulfuric and perchloric acids mixtures [6, 14]. It has been shown that simultaneous removal 

of metallic impurities and sp2 components can be completed by using high-temperature 

oxidation by a strong acid, such as nitric acid, under pressure [19]. In some cases additional 

treatment in ion-exchange resins may be necessary to remove any remaining non-carbon 

species [6]. X-ray absorption near-edge structure (XANES) [20] and x-ray diffraction (XRD) 
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 [21] techniques can be applied to determine sp2 versus sp3 composition of the final product.  

Separation techniques are not limited to the methods listed above, in fact, vendors are 

now leaning towards more economical and less hazardous practices. This includes the use of 

ozone air treatments at elevated temperatures [22]. Ozone oxidation, first introduced in 1991, 

has shown to effectively remove non-diamond carbon, while eliminating the need for 

corrosive liquid oxidizers that can make up to 40 % of manufacturing costs [6]. While 

oxygen has been used as an ozone substitute, it was shown to be less effective in oxidizing 

sp2 carbon, consequently, industrial scale soot purification has turned exclusively to ozone 

oxidation for gas-phase treatments [6, 22, 23].   

 

1.1.3 Modification 

Up to this point all processing procedures took place at the site of the vendor, 

typically being located in Russia or China. NDs received from these vendors, even after 

preliminary purification, still show some residual impurities left over from the previous post-

synthesis processing stage. Furthermore, as a result of the previous purification steps NDs 

aggregate into various particle sizes and are left covered with a wide range of surface groups. 

These non-homogeneities are not ideal for the desired application and often lead to poor 

colloidal stability when NDs are introduced to aqueous solutions. To achieve stable colloids, 

which are the preferred form for the majority of bioapplications, additional processing steps 

or modifications, must be completed. These steps may include deep purification, 

fractionation, de-aggregation, and/or surface functionalization. The modifications are usually 



 
 

8 
 

completed after purchasing from vendors, though manufactures may also choose to complete 

some of these steps on-site. Due to synthesis and post-synthesis steps being specific to 

individual vendors ND’s properties will also vary, meaning different modification procedures 

may be necessary for NDs originating from different manufacturers. We briefly discuss 

several modification steps below. 

 

Deep Purification 

 Deep purification is most important for introducing NDs into the biomedical segment. 

The purpose of deep purification is to remove any remaining incombustible impurity content 

from the NDs. To carry out this process, the use of liquid oxidizers is employed to lower the 

ash content and to increase colloidal stability.  An example of this process can be seen in 

Table 1.1 where a standard ND sample, produced by the VNIITF center, Snezinsk, Ural 

region, Russia [24], was treated with a variety of liquid oxidizers (HCl, HCl/HNO3, HF/HCl 

and H2O2-NaOH) to compare the resulting impurity content [6]. As seen, the most favorable 

purification process came from treatments with HF with subsequent treatments in HCl. In all 

cases, after purification of the original Ch-St sample, the impurity content was reduced and 

aggregate sizes were significantly decreased. As a result, these treatments lead to improved 

colloidal stability as compared to the unstable original sample. The most effective technique 

reported for lowering incombustible impurities has been with the use of hot nitric acid. While 

such a method has only been performed on a small scale, the results are promising, showing 

only a remaining 0.07 wt. % to 0.08 wt. % ash content [6].  
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 Alternatively, deep purification has been demonstrated by heat treatments in air [6]. 

Such a technique has been shown to effectively remove any remaining sp2 carbon content.  In 

studies by Shenderova et. al. [25] oxidation of commercial Ch-St was completed using air at 

400 to 450 degrees C, with results showing a significant increase in colloidal stability from 

the original sample. It was seen in other experiments that ND treatment in Cl2 at 850 degrees 

C showed a considerable decrease in non-diamond content and lowered elemental contents, 

including Al, Cr, Si and Fe [26].  

 
Table 1.1. Comparison of incombustible impurities content and average aggregate size for 
the same initial soot purified with either a wet oxidizer or ozone (rows 1 and 2 
correspondingly) as well as for different additional purification treatments [6]. 
 

 

 

De-agglomeration 

 While deep purification has resulted in some aggregate size reduction, the final 

aggregate sizes are still too large to employ in most biomedical application. Quickly after 

detonation synthesis, larger particles form due to aggregation of 4 to  5  nm primary particles,  
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leading to micron sized NDs with poor colloidal stability [19, 27]. Commercially received 

NDs can be subjected to vigorous ultrasonication to break up the loosely aggregated portions 

of the particle. However, the tightly compacted segments remain held together and, as a 

result, ultrasonication typically leaves unbreakable particle sizes of 200 to 400 nm [28]. 

Refer to Figure 1.3 e-g for HRTEM images of ultrasonicated NDs with unbreakable 

aggregates.  

 De-agglomeration of these unbreakable aggregates to their primary 4 to 5 nm sizes is 

imperative for some biomedical applications (Figure 1.4). Current efforts and advances have 

been led by Osawa et. al. to use mechanical de-agglomeration through stirred media milling 

[23, 27] (Figure 1.5) or bead-assisted sonication disintegration of DNDs in suspensions [29]. 

Through their techniques ND suspensions consisting of individual 4 to 5 nm particles have 

been produced which contain only a very small fraction (less than 1 vol. %) of 30 nm 

particles [6, 29]. One downfall to this method is added contamination of the resulting DND 

particles due to introduction of zirconia beads [31], which break up the strong cohesive 

energies of the diamond at the sharp boundaries [15]. These sharp grain boundaries on the 

NDs are shown in Figure 1.3 c and d. 

Other drawbacks include the creation of sp2 layers of the ND surface [30]. To remove 

the sp2 and zirconia contamination, researchers resort back to liquid oxidizers which re-

agglomerate the primary particles [15]. Alternative methods use a NaOH solution in water to 

purify the material, but it yet to be determined if an acceptable degree of purification can be  

reached   while  keeping  t he  NDs  in   their   so  called  “single-digit”  state [6].   The stage   
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 progression of detonation soot to the final single-digit material is depicted in Figure 1.6. It is 

important to note that complete de-agglomeration of NDs should not always be the ultimate 

objective, given that there are numerous applications for NDs of sizes larger than the primary 

particles, as shown in Figure 1.4.   

 

 

Figure 1.3. HRTEM images of primary DND particles (a, b), primary DND particles 
forming small agglomerates with atomically sharp grain boundaries (c, d); medium-size 
agglomerates with high (e) and low (f) DND packing density and a large aggregate with 
highly irregular shape (g) [6]. 
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Figure 1.4. Schematics of the size ranges of DND primary particles and aggregates in 
relation to different possible areas of biomedical and healthcare applications as well as 
current approaches for obtaining DND product within these size ranges [6]. 
 
 

 

Figure 1.5. Typical TEM photographs of detonation nanodiamond before (A) and after (B) 
stirred-media milling with zirconia beads. A: particles may appear dispersed but are tight 
agglutinates. B: particles are partially aggregated but can be dispersed readily by sonication. 
The TEM photographs were taken by Dr. M. Ozawa [19].  
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 Graphitization of detonation by-products through the use of N2 at 1000 degrees C for 

1 hour with subsequent oxidation in air for several hours at 450 degrees C have also been 

proposed as de-agglomeration procedures [32]. This method resulted in approximately 50 % 

of the total product as DNDs, with less than 50 nm ND particle sizes. DND treatments in 

atmospheric pressure plasma have also shown a reduction in DND aggregate size by roughly 

20 % [6, 15]. It was recently revealed that temperatures of 400 to 430 degrees C, put in place 

over several hours, were best at removing large amounts of sp2-bonded carbon from the ND 

while not affecting the sp3 carbon [20].  

 Regardless of the method used, concerns are still present on whether or not the de-

agglomerated materials will remain small upon drying or surface group modification. For 

example, it was discovered that upon silanization of DND materials, NDs agglomerated due 

to condensation reactions between the treated particles (however, further aggregation was not 

seen with reduction reactions) [33]. The dried ND suspensions, which were extracted from 

water or other solvents for storage or surface functionalization, showed a further increase in 

aggregate growth. To overcome this, new techniques developed by Puzyr et. al. propose 

using sonication assisted treatment in NaCl solution to incorporate sodium ions on the ND 

surface as well as purify the original material [34]. With such treatment, it is possible to dry 

the ND suspensions to a powder and re-suspend the material without agglomeration of the 40 

nm particles [6]. 
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Figure 1.6. Detonation nanodiamond structural changes and proposed uses for controlled and 
sustained release of small molecules or medicinal products during different stages of 
purification: (1) Nitric acid oxidation, (2) Bead milling, and (3) Removal of graphitic surface 
layer [6]. 
 
 

Fractionation 

 An alternative method for obtaining small ND aggregates is completed using 

fractionation.  In this method one extracts the smallest fractions, through centrifugation, from 

the larger unbreakable aggregates after ultrasonication treatment. Fractionation by 

centrifugation has several attractive features including no introduction of contaminates (as 

seen with the zirconia beads in beads-milling [30, 31]) and an approach that is recognized as 

being very inexpensive. Furthermore, one can separate the suspension into a variety of 

particles sizes with a very small size distribution [25, 35, 36]. As different applications 

require different sizes of ND aggregates, this technique is undoubtedly useful. Figure 1.6 

above shows the aggregate sizes during different stages of processing and where each 

aggregate size may be the most practical.   
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 The primary drawback of this technique is that NDs must possess colloidal stability 

before centrifugation, since it is nearly impossible to fractionate suspensions that 

immediately result in sedimentation. Figure 1.7 shows an unstable ND colloid unable to be 

centrifuged for fractionation along with several centrifugated pellet fractions from DND 

suspension (Figure 1.8).  

  

 

 

 

 

 

 

 

Figure 1.7.  Photos unstable (a) moderately stable (showing some sedimentation) (b) and 
stable (c) versions of commercially available DND (Ch-St) in DI water.  
 
 

 

Figure 1.8. Photographic image of pellets and supernatant obtained by consecutive 
fractionation of 1 wt. % hydrosol of Ch-St ND oxidized in air (Ch-St-T) according to the data 
in Table 1.2 [25].  
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 Increasing the number of centrifugation cycles increases the transparency and 

stability of the colloid as the average particle size is decreasing (Table 1.2).  Suspensions 

with an average of 15 nm have been achieved from this method [6] and 4 nm particles have 

been extracted by using ultracentrifugation techniques [37]. Also noteworthy, is that small 

ND particles obtained by this method have a more uniform surface than seen in the beads 

milling process [6]. In fractionation by centrifugation small particles are extracted from the 

total volume, however, in beads-milling ND aggregates are broken revealing a “fresh” 

surface which can adsorb molecules from the surrounding environment [33, 38]. However, 

due to the use of centripetal force for sedimentation, the centrifugation method has 

limitations that are dependent on the particle shape, whether spherical or elongated chains 

(Figure 1.3g), which make sedimentation dependent on the aggregate size and shape rather 

than size alone [6]. 

Table 1.2. Centrifugation conditions, average particle sizes in different fractions based on the 
unimodal intensity analysis (third column), average volumetric size distribution (fourth 
column) and fraction yield for Ch-St-T ND fractionated by consecutive 5-min centrifugations 
[25]. 
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Surface Functionalization 

 One of the most modern topics in ND research is surface functionalization of the 

material to tailor their properties for desired applications. DND materials have a wide variety 

of surface groups that are naturally present on the particles’ surface due to detonation and 

post-detonation procedures [28]. As a result, NDs are unique among their larger carbon 

classification since they may contain a multifaceted collection of chemical groups, often 

including carboxylic acids, esters, ethers, lactones, amines and more (Figure 1.9) [15]. 

Because primary particles contain approximately 15 to 20 % of their carbon atoms on the 

surface, groups are found in high density and are easily accessible for chemical alterations 

[20, 28]. Surface modifications have been achieved using a wide variety of reactions.  

 One of the first modification techniques used radical based reactions under wet 

chemical treatments where the hydrogen atom was removed to create a free radical species 

for binding carboxylic acids, dicarboxylic acids and benzoyl peroxides, and NO2 [6]. Dry 

methods of functionalization may also be used including chlorine, fluorine and hydrogen gas-

phase treatment [39]. Additionally, NDs, which are already unique from the rest of the 

carbon class due to its natural hydrophilicity, can have their hydrophilic property improved 

by 20 fold though annealing the NDs with CCl4/Ar mixtures [26]. 
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Figure 1.9. Schematics of surface groups reported for DND after different types of 
purification modification (a) and possible dissociation of these groups in acidic (HCl) and 
basic media (b) [15].  
 
 
 More recently, ND research has focused on chemical attachment of surface groups for 

biofunctionalization [40, 41]. Such a task begins by reducing the number of surface groups 

on the ND in order to decrease the initial number of chemical products formed after 

treatment. Krueger et. al. used borne treatment to remove oxygen containing groups, like the 
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 readily found carboxylic acid. The result of this is a product with augmented OH surface 

groups (Figure 1.10) to which alkyl silanes may be attached. The presence of alkyl silanes on 

the ND surface allow for a covalent linkage of peptides [40]. Previously, only non-covalent 

interactions of the ND surface with biomolecules, like peptides, have been achieved via 

electrostatic interactions [42-44]. 

 

 

Figure 1.10. Existing functional groups on pristine detonation diamond and effects of 
oxidation (with O3, conc. HNO3, H2SO4 or HClO4) or reduction (with BH3‐THF solution or 
LiAlH4) [40]. 
  

 In other efforts, oxidation of the ND surface was also attempted by Kruger, however, 

efforts failed to create surface group uniformity (Figure 1.10) and lead to only partially 

oxidized surfaces [40]. Today current efforts focus on saturating the ND surface with 

homogeneous surface groups to create uniformity for foreseen applications [31, 45, 46]. 
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Zeta Potential 

 As a result of introducing NDs into liquid media, dissociation of the surface groups 

lead to various charges on the ND surfaces to which tightly and loosely bound counterions 

associate.  The slip plane of the loosely bound ions can easily be read through electrophoretic 

measurements; this charge termed zeta potential (ZP) is imperative in sorption applications, 

where electrostatic interactions may dominate.  Because of NDs previous chemical 

treatments during manufacturing and purification, NDs hold a variety of acidic and basic 

groups (Figure 1.9a), which  gives rise  to the positive and negative ZPs  [14].  Moreover, the  

previous processing steps can create various degrees of charge on the ND, allowing the ZP 

measurement to also predict the colloidal stability of the ND suspension over time.   

Generally, values above +30 mV or below -30 mV have been termed stable [47, 48].  NDs 

introduced to acidic or basic media may disassociate in a manner that affects their inherent 

ZPs (Figure 1.9b) [16]. Though for many biological ND studies, the ND is used in rather 

neutral aqueous media. 

 A shared goal among ND researchers is classifying the origin of the surface charge on 

DNDs. It is widely accepted that the origin of the negative charge on the ND surface is from 

predominating carboxylic acid groups as a result of oxidation of ND soot using singlet 

oxygen in liquid media [32, 47], oxygen [50] or ozone [22] enriched air during 

manufacturing [16]. However, the source of the positive charge is unclear. It was formerly 

believed, via FTIR taken in air, that the positive charge was attributed to the protonation of 

amino groups in acidic media [51]. However, upon completing the same measurement in a 
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vacuum cuvette, an insignificant amount of amino groups were seen [16] as compared to 

aminated-ND signatures [52]. It is believed the spectra taken in air allowed for water 

moieties to obscure the true signature of the ND.  Thus, one critically important topic being 

explored by ND researchers is exposing the source of the positive charge. Current thoughts 

focus on the possibility of alcoholic groups creating the positive ZPs [6, 51].  Several other 

theories contemplate the possibility of chromene structures, diketones, quinines, pyrone-like 

groups or the protons’ electrostatic interactions with the π-electron system of the graphene 

structure to be the source of the positive charge  [53, 54].  

 The pyrone-like structures, as illustrated in Figure 1.11, are comprised of mixtures of 

non-neighboring carbonyl and ether oxygen atoms at the edges of a graphene layer [55]. 

FTIR data helps to confirm this possibility with the presence of ketone and ether groups [16]. 

The stabilization of the protonated form of the pyrone-like structure through the π-electron 

conjugation throughout the sp2 phase is said to be responsible for its basic nature [55, 56]. 

Though this model is determined for graphenes, it can be modified to DNDs with positive 

ZPs, since it is known that sp2 carbon impurities may be present on the outer surface of the 

ND.   

 Recently, calculations by Barnard-Sternberg [57, 58] proposed that charge differences 

may exist on different facets of the ND. This model suggests there are ND facets with very 

strong  positive electrostatic  potential,  where other  facets  may carry  very  strong  negative 

 electrostatic potentials and intermediate facets where the electrostatic potential falls between 

that of the other two. Such a model may explain self-organization of ND clusters and other 
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surface interactions, such as adsorption, on the ND. Similarly, binding energy calculations of 

different ND facets were calculated revealing different facets of the ND showing different 

binding energies [57]. Thus, during surface modifications it may be energetically preferential 

for different groups to bind to different surfaces of the ND. However, such conclusions 

require further investigations.  

 

 

Figure 1.11. Illustration of acid and basic groups on the edge surface of graphene. Pyrones 
surface groups can be responsible for the positive zeta-potential of the DND possessing 
residual aromatic rings at the surface. The inset illustrates a model of the basicity of carbon 
surface attributed to pyrone-like structures [6]. 
 
 
1.1.4 NDs as Biomaterials 

Though NDs remain to be one of the lesser known materials within the larger carbon 

based class, as scientists discover the advantageous properties of the NDs applications, 

particularly in the biomedical field, research is increasing exponentially. NDs have been 

proposed for use as materials in imaging [59-62], sensing [44], purification [63] and drug 
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delivery [64-66]. There are numerous biotechnical uses for NDs [6] and with time these 

applications are greatly increasing. Despite the many uses, this section will focus on 

bioapplications where NDs are utilized for their adsorption characteristics, wherein 

molecules, polymers or dyes may be fixated onto the ND surface for specific uptake, delivery 

or identification of substances.  

 

Bioapplications 

 NDs have the ability to adsorb large amounts of substances due to their exceptionally 

large surface-to-volume ratios. ND’s specific surface areas (SSA) are estimated to be on 

average 300-400 m2/g, with the ability to extend beyond this range [20, 67]. NDs have been 

shown in non-specific adsorption to have a high affinity for adsorbing a variety of biological 

molecules [68, 69], however, with the ability to functionalize or modify the material’s 

surface it is expected that scientists will be able to tailor the ND to adsorb specific materials. 

With this, NDs possess many promising qualities for new bioanalytical materials that may 

help advance pharmaceuticals.  For example, with the growth of the pharmaceutical industry, 

drugs have become more potent. Accordingly, more sensitive and advanced biological assays 

are needed to precisely and reliably measure these molecules, which may include drugs or 

proteins, at lower concentrations.    

Through a combination of physisorption and chemisorptions NDs were developed for 

cellular targeting [40, 43, 70]. In such development, negatively charged NDs were loaded 

with poly-L-lysine through physical adsorption mechanisms. Subsequently, the poly-L-
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lysine’s prominent amine groups allowed for chemical conjugation with succinimidyl 

conjugate dyes and proteins (Figure 1.12). In this case, it was also seen possible to 

chemically link free sulfhydryl groups on cytochrome c to sulfhydryl groups on one end of 

the heterobifunctional linker. The other end of this linker remained intact with the poly-L-

lysine. It was estimated through UV-Vis, FTIR and IR spectroscopy that each 5 nm ND 

particle may carry up to two cytochrome c molecules [43]. 

 

 

Figure 1.12. A schematic representation for the combination of indirect-direct conjugation of 
a dye and protein to ND surface. Poly-L-lysine is physisorbed onto the ND surface by 
charge-charge interactions, thus providing amine surface groups on the ND for conjugation 
to either a NHS-dye or -protein conjugate [43].  
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Currently, methods for direct chemical attachment of molecules to functionalized 

NDs are being recorded. One of the first cases of direct chemical attachment was 

demonstrated by Krueger et al. where a peptide was conjugated onto silanized ND [70]. 

Similarly, covalent attachment of the protein streptavidin was achieved on biotinylated NDs 

[52, 71].  The advantage of chemical attachment is the stronger, more reliable bond formed 

over that of more typical physical, electrostatic bonds.  Additionally, chemical attachment of 

protein-specific probes onto the ND surface allows for targeting the adsorption of specific 

proteins within a biological matrix. Consequently, collection of the biomolecule can be 

achieved using electrophoresis to quantify the amount of protein within a biological sample.  

In addition to the protein-ND conjugates seen above, NDs have also been shown to 

adsorb growth hormone [72], insulin [73], and a variety of enzymes, such as lysozyme [69, 

74, 75].  It was seen that the attachment of the lysozyme enzyme creates potential 

applications for NDs as antibacterial coatings on implants. Lysozyme protein lyses bacterial 

cells’ walls via hydrolysis of the sulfur backbone [76]. Studies using 100 nm carboxylated 

NDs electrostatically conjugated with lysozyme were shown to attach to Escherichia coli 

bacteria as opposed to the lysozyme-free NDs [75]. Such attachment of the conjugated ND to 

the bacteria was shown to disrupt the E. coli’s outer membrane and as a result significantly 

decrease the number of bacterial colonies [76]. Supplementary studies using NDs within a 

sol-gel matrix to form epoxy-silicate coatings show promising results for microbial reduction 

against various fungi [77].   
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  In an unrelated application the physical adsorption of insulin onto NDs was 

completed to assess time dependent drug delivery of the insulin by the ND substrate [73].   

The key property in the ND’s adsorption-desorption system is the role of electrostatic 

interactions between the ND’s anionic end groups (COO-) and the polypeptide’s protonated 

amino groups (-NH3+). While attraction of opposite charges controls the initial interaction, 

the controlled release of insulin is created through pH alterations of the surrounding 

environment. As the pH of the solution media is increased through additions of NaOH the 

overall charge of the insulin becomes more negative thereby detracting itself from the ND.   

The amount of desorption was shown to be proportional with the increased pH of the 

surrounding  solution.  While the bulk of the release (31.3 %)  was seen in the first  day, slow 

release of the drug was observed over the remaining days to reach 45.8 % desorption at Day 

5. While time-dependent release is a key concept in drug delivery, this study begins to show 

a good basis for ND development in pharmaceutical implants [73].  

 NDs are being increasingly considered as drug delivery agents. One of the largest 

media frenzies with ND particles came about with research showing the chemotherapy drugs, 

doxyrubin hydrochloride (DOX) and dexamethasone (Dex) can be attached to DNDs for 

effective, direct delivery of anti-cancer medications [64, 78, 79]. The drugs were 

electrostatically loaded onto 2- 8 nm NDs as well as 50 nm ND aggregates; with the help of 

NaCl higher loading capacities of the DOX could be achieved (< 0.5 wt. % versus 10 wt. % 

with salt).  The introduction of Cl- ions helps to mediate adsorption by shifting the 

dominating repulsive interactions between the DOX-DOX molecules by balancing the 
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cations with Cl- ions to move to a more unified DOX-ND complex. Upon attachment to the 

ND substrate, DOX is found on the surface of the ND aggregate as well as in the internal 

pores of the aggregate (Figure 1.13). The distribution allows for rapid delivery of the surface 

bound molecules and slower release of the DOX within the ND’s aggregates [79].  

   

 

Figure 1.13. Schematic drawing of NaCl-mediated loading and release of doxorubicin 
hydrochloride. The addition of the salt induces functionalization of the drug onto the 
nanodiamond aggregate surface. Salt removal drives drug release. This mild switching 
process is amenable toward medically relevant processes [79].  
 
 

Just as the addition of salt drives the binding of the drug on the ND surface, the 

removal of NaCl from the system triggers release of the drug from the substrate. Thus, 

controlled DOX uptake and release are determined through regulating the Cl- ion 

concentration within media [79]. It is important to control when and how much of the drug is 

released as DOX, as an apoptosis inducting drug should have little contact with normal cells 

and primary contact with malignant cells. This notion introduces the possibilities of ND’s 
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cytotoxicity not only of this particular DOX-ND system, but all systems or applications 

where NDs are present. 

 

 Biocompatibility 

 Nanotoxicology has spent much of its focus in recent years observing the effects of 

carbon based fullerenes [80] and carbon nanotubes [81], with results showing signs of 

oxidative stress for both carbon materials, unless modifications to improve biocompatibility 

and toxicity are completed [82, 83]. This provides an opportunity for other carbon based 

alternatives, like DNDs. However, it is only necessary to speculate and explore the 

biocompatibility and toxicity of these ND materials. Though NDs, like diamond in general, 

appears to be a promising biomaterial, largely due to its chemical and biological stability, it 

has been recognized that materials which have good biocompatibility in their bulk phase may 

not retain this property when in their nano-form.  

The aforementioned applications address the use of NDs in biological environments 

where there is direct interaction with cells and tissue. Accordingly, several biocompatibility 

assays have been underway to help identify how NDs are interacting and internalized by 

cells, as well as identifying the exit path the materials take to clear the body.  Figure 1.14 

addresses several ways that NDs may interact with mammalian cells to cause possible 

adverse interactions and hinder biocompatibility. In the following section various research 

efforts will briefly be addressed to help identify cell viability, immune response and the 

factors which affect these concerns.  
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The body’s initial reaction to a foreign material’s, like NDs, cause it to trigger a 

cascade of immune responses. Immune response, while complicated, can simply be described 

as the body’s way of clearing unfamiliar organisms and objects from the body through the 

use of leukocytes, i.e., macrophages, monocytes, neutrophils, etc. Because these are some of 

the first cells that engulf ND they are usually studied first in biocompatibility studies. 

 

 

Figure 1.14. Schematic representation of a mammalian cell showing some possible 
interactions nanodiamond (ND) particles including biomolecular binding interactions, 
entrapment within organelles, and localization to areas within the cell resulting in 
biocompatibility or unforeseen toxic insults [6, 84]. 

 

One of the most descriptive ways of monitoring cell health after exposure to foreign 

materials is the production of reactive oxygen species (ROS). Though ROS are a normal by-

product of cellular metabolism under stress inducing conditions, ROS levels can increase 
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drastically, in turn, causing substantial damage to the cell structure. This imbalance between 

ROS production and the ability for the cell to repair the resulting damage leads to conditions 

of oxidative stress where apoptosis, under conditions of moderate oxidation, or necrosis, with 

more intense stress, may occur [85, 86]. Thus, monitoring the ROS is one of the most 

common ways of determining biocompatibility of a material. Studies by Schrand et. al. [87] 

investigated the ROS of neuroblastoma cells and alveolar macrophages with NDs as well as 

with other more common carbon materials, single-wall and multi-wall carbon nanotubes 

(SWNT and MWNT) and carbon black (CB) (Figure 1.15). 

 

 

Figure 1.15. Generation of reactive oxygen species (ROS) determined by the hydrolysis of 
DCFH-DA after 24 hr of incubation with various carbon nanomaterials in (A) neuroblastoma 
cells and (B) macrophages. Note that macrophages produce approximately five times the 
ROS when exposed to the same nanomaterials at the same concentrations as neuroblastoma 
cells. All values were significantly different from the control (p<0.05) with the exception of 
the NDs (A, B) and 100 μg/ml concentrations in (A) [87]. 
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In the study it was determined that the largest ROS response in both cell lines came 

from carbon nanotubes, particularly MWNTs followed by SWNTs due to the higher Fe 

content in the MWNTs over the SWNTs [88, 89]. Likewise, CB also produced more ROS 

than NDs; intriguingly, NDs showed no ROS response in either cell line, suggesting that 

ROS production may be triggered by impurity content, like Fe, on the carbon surface.   

Comparisons of both cell types with non-diamond materials showed a large 

difference in ROS depending on the cells used. Macrophages generated up to five times the 

amount of ROS as compared to neuroblastoma cells after being exposed to the same carbon 

species. This result may be explained by the role each cell plays in immune responses and 

how they uptake the materials (phagocytosis versus endocytosis) [87]. For example, 

macrophages are programmed to internalize foreign structures, as opposed to neuroblastoma 

cells, and as a result, naturally generate higher levels ROS to eradicate bacteria that may be 

present [88].  

 One test that may be more popular than ROS identification in evaluating 

biocompatibility is the MTT assay, which predicts cell viability. The MTT assay is a 

colorimetric evaluation for measuring the enzymatic activity in the reduction of MTT dye, 

more properly identified as 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, 

thereby turning the originally yellow dye purple. The reduction of MTT occurs only when 

reeducates enzymes are active; consequently the tests exclude the coloration of dead cells. 

Thus, the MTT assay is a measure or the living or viable cells [91, 92].  Schrand et al. 

conducted the MTT assay in addition to the ROS evaluation of carbon based nanomaterials. 
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In this study cadmium oxide (CdO) was chosen as a positive control, whereas CB remained 

the negative control. Trends were similar to those seen in the ROS studies; NDs were seen as 

having the highest biocompatibility of all the materials (Figure 1.16). Though dose-

dependent viability was seen with non-diamond materials, NDs showed no significant cell 

viability changes with increased doses. Following NDs, CB shows to have the next highest 

viability followed by MWNT, SWNTs and, finally, CdO. Unlike other nanomaterials, NDs 

also showed no difference in cell viability between the lung and neuronal cell lines [87]. 

 

 

Figure 1.16. Cytotoxicity evaluation after 24 hr of incubation with various nanocarbons 
showing differential toxicity due to factors such as nanomaterial composition, size, or shape 
in (A) neuroblastoma cells or (B) macrophages. Note the similar trends in biocompatibility 
ND>CB>MWNT>SWNT>CdO for both neuroblastoma cells and macrophages, with the 
latter being more sensitive to the carbon nanomaterials. Values that were significantly 
different from the control (p<0.05) are denoted with asterisks (*)  [87]. 
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Additional methods to monitor cellular effects of nanoparticles have also been 

identified, these include alternative  tetrazolium dyes, such as XTT, MTS and WSTs, trypan 

blue dye exclusion, propidium iodide staining, neutral red (NR) assay, thymadine uptake, 

morphological examinations, cell counts, cellular permeability breakdown (LDH assay), 

chemiluminescent luminole reaction (CLR) measurement, genetic analyses, protein 

expression, glutathione alterations, pro-inflammatory cytokine activation and mitochondrial 

membrane permeability (MMP, in which Schrand also showed no membrane leakage in the 

presence of NDs) [6, 92-94]. 

Whereas these studies show ND biocompatibility in various cell lines to be 

encouraging, blood cell studies show contradictory results where damage to leukocytes and 

erythrocytes was observed [95-100]. Blood studies hold significance in developing further 

biomaterials as hemolysis, the destruction of erythrocytes and the resulting hemoglobin 

release, must  be  evaluated.  Puzyr  et. al.  indicated that NDs  having 90  minute  incubation 

 times with whole human blood samples changed the reaction kinetics for active oxygen 

generation (AOG), which was directly related to cell death. Within this 90 minute time 

period, it was shown that 3 to 50 % of the erythrocytes hemolyze after the addition of the 

NDs. However, the effect could be lessened by pre-coating the NDs’ surface with donor 

plasma blood proteins [95].   

  While up to this point only in vitro studies have been summarized, in vivo studies 

have even greater significance in understanding how NDs will affect humans. Though in vivo 

studies should help close the gap between simplistic in vitro studies and clinical trials, often 



 
 

34 
 

times, as in the case or carbon nanotubes, results can be inconsistent in their conclusions [80, 

83, 87, 101-104]. Animal studies using white mice substituted their water for ND hydrosols 

of 0.002 to 0.05 wt. % over three to six months; the total concentration administered during 

sacrifice was between 16 and 450 mg per mouse [101]. Results showed neither deaths nor 

changes in weight of the liver, lung, heart, kidneys and pancreas [100, 101], nor did it 

interrupt the reproductive capabilities of the first three generations [96, 97, 101]. However, 

when blood cells and blood plasma chemistry were examined (Figure 1.17), there was an 

observed decrease in cholesterol content and a noteworthy decrease in bilirubin content. 

Conversely, this study showed elevated iron content after 1 month and protein concentrations 

in months 3 through 6 [6].  

In this study, leukocyte content increased in the first month for 0.002 and 0.01 wt. % 

concentrations, but then declined over the next 6 months to normal levels, despite the sharp 

increase in the 0.05 wt. % sample at 2 months. It was hypothesized that this elevation was 

due to the non-specific immune reaction between the orally administered ND hydrosol and 

macrophages present in the gastrointestinal (GI) tract [6, 96, 100].  

In intramuscular injections of rats, it was seen that the NDs localized as gelatinous 

clots at the injection sites with large amounts of proteins on their surface. Regardless, no 

signs of severe inflammation were detected [6, 96, 100].  The estimated median lethal dose 

(LD50) in rats was confirmed at concentrations over 7000 mg/kg, whereas sodium chloride 

LD50 levels were of less than half that of the ND hydrosols [105]. Collectively, the 

experiments demonstrated adequate biocompatibility of ND particles.  
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Figure 1.17. Dynamics of blood chemistry (A-D) and blood leukocyte levels (E) in 
experimental mice as a function of ND hydrosol concentration and time [6].  

 

 

In each of the previous studies the effect of ND concentration was evaluated with 

little difference in its results. Studies have shown that carboxylated NDs (cNDs) of 5 and 100 

nm were shown to have little to no cytotoxicity at concentrations up to 1000 μg/mL [106]. 

Nevertheless, other factors, aside from concentration, have been identified that may influence 

the biocompatibility of NDs. Additional factors include particle size, surface treatments and 

impurity content. Size related studies of NDs ranging from 2 to 100 nm, and produced under 
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a variety of different conditions, were all shown to be biocompatible [6]. Conversely, studies 

published by Liu et. al. found a slight decrease in cell viability in 5 nm NDs as compared to 

their larger 100 nm counterparts [107]. One of the reasons for this difference could be 

contributed to the smaller 5 nm ND having approximately 15 to 20 % of its carbon atoms 

located at the particles surface [20, 27], thereby possessing different properties than the 

larger 100 nm aggregate [108]. Under the same principle, micron sized NDs showed high 

biocompatibility with no effect of cytotoxicity or inflammatory response [109-111]. 

It is speculated, however, that surface chemistries and impurity content may cause a 

large inflammatory and cytotoxic response. One limitation in many of the biocompatibility 

studies is the lack of detail reported in the manufacturing and subsequent processing 

techniques of the NDs. As mentioned previously, DNDs show impurity contents associated 

with their manufacturing technique. In a study using ND powders, with elemental impurities 

of 0.05 wt. % Al, 0.05 wt. % Fe, 0.15 wt. % Si and 1.00 wt. % Zr, blood compatibility was 

analyzed. In this case, the low impurity concentrations on the NDs were not associated with 

hemolysis or cytotoxicity [110]. However, NDs which typically exhibit higher impurity 

contents may exhibit dissimilar results. For this reason, it is recognized that for NDs to be 

biocompatible they should go through a rigid purification process. This purification step is 

one reason why NDs may perform better than other carbon based materials. 

 In a previously discussed study [87] comparing NDs’ cell viability to other carbon 

based materials, such as SWNT, MWNT and CB, NDs were pretreated with either strong 

acids or bases. Results showed no adverse affects as a result of either ND treatment as 
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evaluated by the 24 hour MTT assay on neuroblastoma and alveolar macrophages cell lines. 

However, with CNTs it was seen that the greatest ROS generation came from materials with 

the highest Fe impurity presence, due to the oxidative stress on the cell. This study follows 

previous studies on CNTs where toxicity and the resulting ROS production is related to 

impurity contents, like Fe, further stressing the importance of ND purification steps. Another 

reason for NDs’ superior biocompatibility as compared to CNTs is due to NDs’ structural 

configurations.   The high aspect ratio of the CNTs allow them to easily penetrate cells [83, 

112], which is advantageous for delivering membrane impermeable drugs, but may also give 

rise to the CNT’s higher cytotoxicity.  

The choice of cell lines may also show differences in biocompatibility. As seen with 

ND and CNT studies, completed by Schrand et. al. [87], different cell lines showed 

variations  in  the  amount  of  material  internalized,  with  macrophages  internalizing  more 

nanocarbons. To enhance these results, additional studies were completed to identify where 

the NDs are localized once uptake has occurred.  NDs treated with the fluorescent dye 

rhodamine (T-NDs), were observed in both animal and human neuroblastoma cell lines [6, 

84]. T-ND uptake did not lead to changes in the cells morphology, but showed internalization 

of the T-NDs increases with time. At 1 to 6 hours T-NDs were localized at endosomes and at 

lysosomes within 3 to 6 hours. After 24 hours aggregation of T-NDs in the cytoplasm was 

observed, signifying an endocytotic uptake mechanism. Other T-NDs were seen in the cell’s 

vacuole (Figure 1.18) [6]. 
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Figure 1.18. Internalization and localization of NDs in neuroblastoma (N2A) cells. (A, B) 
TEM images of thin sections of N2A showing NDs interfacing with the plasma membrane as 
well as internalized into the cytoplasm and vacuoles. (C, D) Confocal images of N2A cells 
incubated with T-ND taken with a 60x lens. (C) Overlay of transmitted light and rhodamine 
signal after incubated with 50 μg/mL of T-ND (red) for 1 hour showing perinuclear 
localization. (D) Demonstration of T-ND (red) accumulation over 24 hours into the 
cytoplasm after incubation with 25 μg/mL of T-ND and counterstaining of nuclei with 
Hoechst dye (blue). T-ND is a TAMRA-ND conjugate supplied by ITC, Inc [6]. 
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A second study by Choa et. al. confirms the internalization of NDs inside the 

cytoplasm by using A549 human lung adenocarcinoma cells [106]. The experiments used 

carboxylated NDs. In their natural form, NDs exhibit fluorescent abilities, due to nitrogen 

vacancy (N-V) defects [60, 113, 114], thus, pre-labeling with florescent dyes could be 

eliminated. Interestingly, NDs which did not penetrate the cell were shown to adhere to the 

cells membrane even after repeated washing with PBS solution. This interaction is likely due 

to the interaction of COO- groups found on the carboxylated NDs and the NH3
+ groups on the 

outside to the cell’s exterior. Penetration and localization of the NDs inside the cytoplasm 

were demonstrated through Raman and fluorescence experiments (Figure 1.19) [106].  

While many studies are consistent in saying internalized NDs localize within the 

cytoplasm and do not permeate the nucleus [60-62, 84], there still remain many unanswered 

questions in fully determining if these materials are truly safe. At the cellular level, the 

pathways for internalization,  degradation,  and clearing the body are still  unknown.   Studies  

show NDs were not degraded by the cells, which bring up inquiries of uncertain whether 

internalized NDs will be released from the cell or cause cell death after long-term exposure 

[6]. With the natural ability for the human body to clear dead cells and some foreign matter, 

it the belief that small amounts of NDs may also be cleared through the natural cellular 

renewal process, without causing generation of ROS or other harmful side-effects [6, 15]. 
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Figure 1.19. Confocal fluorescence images of an A549 cell and carboxylated 100 nm 
diamond. (a) The cell nuclei were dyed with Hoechst 33258 to reveal the position of the 
nucleus. (b) The cell tissue was dyed with anti-b-tubulin (Cy3) to reflect the cytoskeleton of 
the cells. (c) The cells were interacted with 100-nm cNDs and excited with 488-nm 
wavelength, and the emission was collected in the range of 500–530 nm. (d) Same as in c but 
exciting wavelength was 633 nm and emission was collected in the range 640–720 nm. (e) 
Merging the images of a–d [106].   
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1.2 Mycotoxin Enterosorbents  

Mycotoxins are a group of secondary metabolites produced by fungi, which can grow 

on virtually any organic matter. Mycotoxins have been brought to worldwide attention within 

the past several decades due to their ability to contaminate foodstuff, bringing about 

economic setbacks [115, 116] and health hazards [117-120].  There are approximately 300 

fungal metabolites, with more likely to be discovered, that have been identified with links to 

toxicity for humans and animals [121].  It has been reported that 25 % of the worlds cereal 

has been contaminated with mycotoxins [122, 123], causing it to enter the food chain through 

direct ingestion or consumption of an infected animal’s by-products, such as its meat, milk 

and eggs [119, 123-125]. Direct and indirect consumption of mycotoxins has been linked to 

cancer [120, 126], mycotoxicosis, and, in extreme cases, death [127].  The variable degree of 

toxicity is dependent on the species that ingests the contaminated grains, due to differences in 

liver detoxification systems, age, sex, genetic makeup, physiological state or nutritional 

factors, and the type and amount of mycotoxin ingested [128].  While different mycotoxins 

have unique toxic effects, in general they are associated with strong suspicions of 

carcinogenicity, genotoxicity, teratogenicity, nephrotoxicity, hepatotoxicity, reproductive 

disorders, immunosuppression and, in some cases, incurable disease [123, 129]. This section 

will focus on two well-known mycotoxins, aflatoxin B1 (AfB1) and ochratoxin A (OTA).  
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1.2.1. Aflatoxin 

Of the several types of mycotoxins, aflatoxin (Af) is the most widely studied and is 

classified as one the most potent naturally occurring compounds [130]. Af is most 

prominently produced by Aspergillus flavus (A. flavus) and A. parasiticus though other 

strains, such as A. nominus, A. tamarii and A. pseudotamarii, have been shown to produce 

aflatoxins [130-133].  These strains produce 18 types of Af, including AfB1, AfB2, AfG1, 

AfG2, and metabolized forms, AfM1 and AfM2. Under the entire mycotoxins class, AfB1 is 

the most common and most toxic [134].  AfB1 has been known to contaminate many crops; 

those which are frequently infected include cereals, tree nuts, oilseeds and spices. Under 

favorable environmental conditions, consisting of warm settings (30 to 35 degrees C) with 

high humidity (water activity of 0.90 to 0.99) fungus producing Af flourishes [135, 136].  

Situations that place stress on the plant, such as drought, insect damage, or malnourishment, 

are known to host the funguses producing Af and allow them to thrive.  Once Af is formed it 

remains stable and will not degrade during normal storage or milling processes [137]. In fact, 

contaminated peanut meal lead to the death of thousands of turkeys in the United Kingdom in 

the early 1960’s, and ultimately, led to the identification of aflatoxins [138, 139] Since then, 

it has been found that aflatoxins are potent hepatotoxins, that lead to hepatocellular 

carcinoma (see Chapter 8) [140] and aflatoxicosis, a poisoning with symptoms that may 

include hemorrhaging, vomiting, weight reduction and suppression of the immune system 

[141].  
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Due to its severe health hazards, the World Health Organization (WHO) declared, in 

1987 that Af should be classified as a group 1 carcinogen.  Based on this declaration, the 

WHO and Food and Agriculture Organization (FAO) placed stringent regulations on the 

amount of aflatoxin, specifically AfB1, that may be present in food. The organization 

modestly set the upper limit at 30 μg of AfB1 per kg of food [142]. However, in 1998, The 

Commission of European Communities lowered this to 2 μg/kg for nuts, groundnuts, cereals 

and dried fruit that are intended for direct human consumption [143]. Similarly, other 

countries have lowered their tolerance levels for AfB1 in foodstuff. The maximum 

acceptable levels for Af are shown for select countries in Table 1.3. The United States, not 

shown, has lowered their maximum level to 20 μg/kg [135, 144]. 

 

Table 1.3. A selection of maximum tolerated levels of aflatoxin B1 in food (μg/kg), as stated 

by the Food and Agriculture Organization [142].  
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While many other countries have drastically lowered their aflatoxin tolerance levels, 

some counties, such as India, have remained at the predetermined level. Higher tolerance 

levels are expected in underdeveloped nations, where the danger of malnutrition outweighs 

the threat of aflatoxin; such rationalization was used in setting the original maximum 

acceptable level [145].  Even with these regulations, in countries where food is scarce, Af 

contaminated crops are often still consumed, as it is not feasible to destroy all infected 

foodstuff. Such situations require a method to decontaminate infected crops, thereby, 

eradicating or neutralizing the effect of Af. 

 There are three approaches to avoiding the detrimental effects of aflatoxin. These 

include (1) prevention of aflatoxin in pre-harvesting or in storage, (2) detoxification of 

aflatoxin containing harvests and (3) inhibiting the absorption of Af inside the GI tract [134]. 

For any of these processes to be successful they must be carried out in a realistic and 

economical manner. The FAO has stated that for a decontamination method to be suitable it 

must:  

1. Destroy, inactivate or remove aflatoxins, including spores of the fungus that 
could proliferate and produce new toxins under favorable conditions; 
 

2. Neither produce nor leave toxic and/or carcinogenic/mutagenic residues in the 
final products or in the byproducts of animals which have been fed the 
decontaminated feeds; 

 
3. Not significantly alter the important technologic properties and sensory of the 

starting material; 
 

4. It should preserve, as much as possible, the nutritive value and palatability of 
the starting material [146-149]  
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The most effective way of preventing aflatoxin infestation at the pre-harvesting stage 

is by using ideal agronomic practices in the pre-harvesting stage, some of which include 

using healthy seeds, adequate irrigation, preventing insect damage, and proper storage 

conditions [150]. While these attempts are ideal, it is next to impossible to prevent all 

aflatoxin formation. Thus, other pre-harvesting techniques are used, such as breeding 

aflatoxin resistant or tolerant crops [151, 152] or genetic engineering. After identifying genes 

and enzymes responsible for aflatoxin production, the genes, which encode resistant traits, 

can be transferred to crops to discourage the toxin’s synthesis and produce crop resistant 

varieties [153]. However, since the resistance to fungal growth has shown to be a result of 

uncontrollable factors, including biochemical, physical and environmental factors, as well as 

storing conditions, Af may still form [134].   

  Attempts to control aflatoxin contamination at this pre-harvesting stage are plausible, 

but not yet achievable.  Consequently, prospective tactics involve destroying the molecule 

once a fungal attack has occurred.  Successful treatments to degrade the AfB1 molecule 

should take place by removing the double bond of the terminal furan ring or opening the 

lactone ring. Opening the lactone ring alters the ability of the terminal furan ring to bind to 

DNA or proteins [154] (discussed further in Chapter 8). The chemical structure of AfB1 can 

be seen in Figure 1.20.  

To induce these structural changes one may use biological or enzymatic treatments, 

supply energy absorbable by the molecule, or use chemicals to eliminate or obstruct the 

active sites. In doing so, the toxic effect of AfB1 may be neutralized or lessened. Physical 
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methods of removal involve mechanical separation of tainted portions and destruction of the 

molecule by heating [155], cooking [156, 157], roasting [158] and radiation [159, 160]. The 

results of these methods vary in their effectiveness; however, none of these procedures are 

able to fully remove Af from the crop. One reason for the ineffectiveness is due to AfB1’s 

hardy nature and thermal stability [161, 162], therefore, chemical methods are explored. 

 

Figure 1.20. Chemical Structure of aflatoxin B1. 

 

 Several chemical procedures have been reported, these methods include the use of 

ammonia [163], sodium bisulfite, calcium hydroxide, formaldehyde [148], urea, sodium 

hypochlorite [164, 165] and ozone [133]. Ozone, a fairly recent method of treating AfB1 

[166-168], is promising as it is also associated with low economical costs [169]. Unlike many 

of the previous chemical treatments, ozonation neither compromises the nutritional content of 

the produce [170], nor does it leave behind potentially toxic reaction products or residues 

[171, 172]. Ozone treatment can be utilized in either a gaseous phase or in a water solution to 

destroy mycotoxins. Aqueous ozone solutions, with only a 2 % concentration, have been 

shown to fully degrade AfB1, and furthermore, do so within 5 minutes [166]. Several studies, 

including maize [167], red peppers [168] and figs [173] show the efficacy this treatment by 
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reducing AfB1 contents up to approximately 93 %. The extent of AfB1 degraded depends on 

the treatment time, concentration of ozone used, and the moisture in the raw materials being 

handled [168, 173]. 

 Due to lingering concerns of remaining residues and nutritional decomposition in 

chemical treatments, biological approaches to eradicate Af are also being considered. 

Microorganisms, such as bacteria, yeasts, molds and algae have all been shown to break 

down AfB1. For example, the bacteria, Flavobacterium aurantiacum, showed irreversible 

removal of AfB1 from solution [174]. The outcome was dependent on temperature, pH and 

population of the bacterial cells [175], and while the removal rate of living cells is higher, 

dead cells were also shown to adsorb some AfB1 [134], though, the presence of copper and 

zinc trace metal ions inhibited the degradation of Af  [174, 176].  

Similarly, probiotic bacterial strains Lactobacillus acidophilus (L. acidophilus), L. 

bulgaricus, L. planatarum [177] and  L. rhamnosus strain GG [178] were shown to bind or 

degrade Af and/or prevent mold growth. More on these bacterial strains and their ability to 

adsorb AfB1 are seen in Chapter 8. Some bacterial strains, such as Flavobacterium 

odoratum, do not adsorb AfB1 and instead suppress its growth through biocompetitive 

inhibition [179]. Interestingly, it was also found that molds that are able to produce Af are 

also capable of destroying them [180].  While naturally occurring organisms, as those listed 

above, may destroy aflatoxin, there are concerns that the destruction process may release 

compounds that are equally or more virulent. For this reason, further research is needed 
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[134]. A summary of several physical, chemical and biological methods to destroy AfB1 are 

discussed in Table 1.4.  

 

 
Table 1.4. Some Commonly used physical, chemical and biological methods for aflatoxin 
[134]. 

 
 

  
 

 

Aflatoxin Enterosorbents  

While the formation of aflatoxin is unavoidable, subsequent methods to 

decontaminate crops and destroy the aflatoxin molecule must take place. The above methods 

discussed destruction of the AfB1 molecule on a large scale.   This approach, while ideal, is 

not yet  achievable,  economical  or  time-effective.    The  most  recent approach uses non- 
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nutritive materials, termed enterosorbents, which bind the toxins in vivo and reduce 

absorption into the body. This approach is currently deemed the most practical and promising 

as it safe, inexpensive, and can easily be administered as a feed or water additive [96, 181, 

182].  For the adsorbent to be effective it must possess certain traits. These include: 

1) Having high adsorption affinity for AfB1, as to form a strong bond with the 
molecule and prevent desorption in latter parts of the GI tract; 
 

2)  Have a high capacity for AfB1 to prevent saturation of the substrate and/or 
allowing less of the substrate to be administered [119, 183]; 
 

3) Be harmless or nontoxic to the body;  
 

 
4) Selectively bind the aflatoxin molecule, as to not adsorb essential vitamins and 

minerals.  
 

Several materials have been considered as substrates for AfB1 adsorption with many 

of them being commercially obtainable throughout the world  [184].  However, not all 

adsorbents perform equally in their ability protect the consumer from AfB1. In fact, some 

enterosorbents have been shown to hinder the natural absorption of vital nutrients [185, 186]. 

The most common enterosorbent materials for Af are briefly explored below along with their 

effectiveness and mechanisms used in adsorbing the AfB1 toxin. 

 

Activated Charcoal (AC): AC has long been utilized for the treatment of acute poisonings 

and to prevent the absorption of overdosed drugs and poisons in the GI tract [187]. AC is 

formed through pyrolysis of different organic materials. The process of “activating” the 

material increases the charcoals porosity and, therefore, the surface area of the material, 
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creating a substrate that is appropriate for adsorbing large quantities of material. Its success 

stems from its large specific surface area (SSA). Commercially available varieties may have 

SSA ranging from 500 to over 2,000 m2/g [124]. One of the determining factors of the SSA 

is the initial material used to form the activated charcoal. ACs with lignin as the starting 

material have smaller SSAs as compared to ACs using oil as the starting material [188]. 

Aside from the SSA, the degree of adsorption is also dependent on the pore sizes, amount of 

charcoal administered, the chemical nature of the molecules being adsorbed, the pH and GI 

contents [124]. Additionally, particle size reduction and chemical modifications of the AC’s 

base can influence the SSA. Such alterations, performed during the manufacturing process 

may provide SSAs of up to 3,500 m2/g.  These materials are commonly termed super 

activated charcoals [124, 183].  

 AC’s high adsorption capabilities naturally led them to be considered for AfB1 

enterosorbents. Several studies have been completed to test the efficacy of AC in binding 

AfB1. Studies were completed in vitro and in vivo settings using several animal species [183, 

189-193], however, each has generated conflicting results, as seen in the summarized Table 

1.5. Decker and Corby [192] used in vitro studies to first identify AC as an effective 

enterosorbent for AfB1.  Two years later, Hatch et. al.  [194]  used AC to adsorb lethal doses  

(3 mg of AfB1/kg of body weight, corresponding to LD90-100) of AfB1 in goats. 

Astoundingly, there treatments correlated to a 100 % survival rate and only 3 % hepatic 

destruction, where non-treated goats had seen 25 % destruction. 
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 In other studies AC showed marginal [183, 195] or no significant gains [196] when 

introduced to animal feeds. One reason for AC’s inability to effectively lessen the effects of 

Af ingestion is attributed to nonspecific adsorbing nature. Larger quantities of stomach 

contents may be adsorbed than Af, especially when non-Af contents significantly outweigh 

that of the Af [194, 197]. This non-specificity also demonstrates a disadvantage of AC, as 

chronic usage of the enterosorbent may cause uptake of critical vitamins and minerals 

leading to malnourishment of the species over time. To overcome AC’s limitations, two 

strategies have been introduced: (1) The supplemental addition of essential nutrients that are 

shown to be excessively adsorbed onto AC or (2) modifying the AC during the activation 

process to have greater selectivity towards the targeted toxin [123]. 

 The idea of modifying the AC brings to light the importance of the manufacturing 

process on the final AC product. The adsorption properties of AC, as stated previously, are a 

result of several factors, including the SSA and pore size. These values can greatly differ 

depending of the starting material, preparation methods and chemical treatments used to 

morph the initial product into the final form. Manufacturing differences may provide a good 

understanding on the discrepancies in ACs results on AfB1 adsorption [123, 124]. Because 

there is no standard method for preparing AC and no universal way of testing the adsorptive 

properties, authors suggest AC should only be selected for Af adsorption after full appraisal. 

Figure 1.21 proposes a methodological approach one may take for selecting AC for Af and 

other mycotoxins adsorption [123].  
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Figure 1.21.  Methodological approach to the study of activated carbons as mycotoxin-
sequestering agents [123]. 
 
 
 
Biological Binding Agents: Yeast and yeast cell walls, which have excellent nutritional 

values have also been shown to adsorb mycotoxins. Devegowa et. al. [122] showed  

Saccharomyces  cerevisiae  yeast  adsorbed  up  to  77  %  of  Af  and  a  modified  form  of   

    S. cerevisiae, Mycosorb™, consisting only of yeast cell walls had an even greater capacity 

for binding Af. Mycosorb™ adsorbed approximated 95 % of Af in in vitro studies [121], 

with specificity for the toxin, giving it advantages over the common clay-based 

enterosorbents [198]. In vivo adsorption also successfully reduced the side effects of Af 
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ingestion in chicks [199, 200]. The cell walls embrace polysaccharides (glucan, mannan), 

proteins and lipids which allow for several different adsorption centers, allowing for various 

adsorption mechanisms, such as hydrogen bonding, ionic or hydrophobic interactions [197].  

Some strains of lactic acid bacteria (LAB) are known to naturally adsorb aflatoxins in 

the GI tract. LAB, particularly Lactobacillus rhamnosus strains GG and LC-705, use a 

variety of mechanisms to bind AfB1 [201]. The cell walls of these bacterial cells are shown 

to have an inner layer of peptidoglycan and an surface layer of polysaccharides that 

contribute to toxin binding [202]. Because of the abundance and presence on the surface of 

the cell wall, polyscaccarides are said to be a predominant feature in AfB1 binding. In spite 

of this, hydrophobic interactions, resulting from lipoteichoic acids found in the gram positive 

cell, are shown to play a major role in binding as well as electrostatic interactions [201, 203]. 

Furthermore, recent studies show bacterial cells’ surface is rich with a variety of proteins that 

may play roles in aflatoxin attraction [204]. Though the source of attraction for AfB1 to the 

LAB cells is complicated, research shows that upon binding to LAB there is a reduction in 

mycotoxin uptake and a natural decrease in its potency [205]. Upon recreating these natural 

interactions in in vitro experiments, LAB was able to remove AfB1 from liquid media 

rapidly and with high removal rates (~ 80 %) upon immediate contact [206]. 

 

Clays: Another strategy for reducing the exposure of Af in contaminated crops is the 

introduction of clays to the diet. Dietary clays for humans and animals have been observed 

for centuries [207] and consuming these clays is often considered “culturally acceptable 
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[208, 209].”  In 1979, clay minerals became of interest for adsorbing AfB1  [210].  The 

introduction of non-nutrient clay minerals to contaminated food has demonstrated to reduce 

the bioavailability of the toxin and its distribution into the bloodstream as well as to the liver 

and other targeted organs [210-213]. Clay based sorbents are the largest and most complex 

class of Af enterosorbents. Below, we will introduce the three most studies clays for Af 

removal. These include zeolite, bentonite and hydrated sodium calcium aluminosilicate 

(HSCAS). 

Zeolite- Zeolites are microporous, crystalline, hydrated aluminosilicate of alkali and 

alkaline-earth cations and contain a three-dimensional infinite structure of SiO4 tetrahedra 

[211]. The minerals are characterized by their ability to reversibly gain and lose water and 

exchange constituent cations without compromising their basic structure [124, 214, 215]. The 

first work on zeolite for AfB1 adsorption was completed by Dvorak [216]. The in vitro 

studies showed that the clay was able to adsorb on average 60 % of the toxin in various liquid 

media. It was seen that in media containing nitrogen compounds the average retention was 

lower. In that same year, studies performing AfB1 adsorption in gastric content solution 

showed 58 to 74 % of the toxin was adsorbed [185], with dependencies on the type of zeolite 

used  [124].   As seen by Piva et. al.  [148], t he origin of the zeolite can highly influence  the  

adsorption properties, due to differences in the pore size distribution. If the size of the pores 

is comparable, even in the case of synthetic and natural zeolites, comparable AfB1 uptake 

should occur. However, if the zeolite lacks intermediate-sized pores, adsorption may be low 

or not occur at all [123, 148].  
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 Dissimilarity in pore sizes is perhaps the reason why in vivo studies using zeolite for 

AfB1 vary. In one study, by Fukal et. al. [217], boiler chickens given feed containing 2.5 mg 

AfB1 per kg feed were studied after 5 and 12 days. Poultry which received grain 

supplemented with 5 % zeolite showed no significant differences than the control group. 

Comparisons were based on weights of the pancreas, liver, spleen, glandular stomach, bursa 

fabricia and bone (tibiotarsus) strength [124]. However, in a highly comprehensive study, 

using the same experimental design, it was seen the inclusion of zeolite into an Af 

contaminated diet lessened the heterophilia and lymphopenia effects observed in the non-

treated group. Lymphocytopenia, seen in the untreated group, is a feature of many antibody-

deficiency syndromes and their increase in heterophils, a type of granulocyte, may signify a 

predisposition of the species to compensate for its decreased resistance. Nevertheless, the 

same study also showed that zeolite had no defensive properties against the acute alteration 

of the liver tissue [218]. Interestingly, a final study by Harvey et. al. [219] employed the use 

of five commercially available zeolite mixtures. The additive was administered at a 0.5 % 

concentration to observe the counteracting effects of the added 3.5 mg of Af (79 % AfB1, 16 

% AfG1, 4 % AfB2, and 1 % AfG2) per kg of feed. The three week experiment of broiler 

chickens showed three of the zeolite compounds were not able to counteract the effects of the 

high concentrations of Af. However, the other two samples reduced toxicity by 29 % for SC 

Zeolite™ and 41 % for Zeomite™, with the latter also giving added protection of liver 

weights and serum metabolites [124].  
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 Bentonite- Bentonite is a type of clay sorbent of a lamellar and crystalline 

microstructure that consists primarily of montmorillonite, a soft group of aluminosilicate 

minerals [123, 124]. The clay forms from the weathering of volcanic ash. Its final 

composition may vary from one deposit to another due to their interchangeable ions, such as 

sodium, potassium, calcium and magnesium, thereby terming the clays sodium bentonite, 

potassium bentonite, etc. [124].   These cations also provide bentonite with its well-known 

adsorption properties. Bentonite has been used as a versatile adsorbent in a variety of 

industries and for various applications, some of which include the clarifications of beverages 

and the discoloration of oils. The addition of water, as in many of its applications, lead to its 

characteristic swelling capabilities [220].  

 More recently bentonite has been considered for the adsorption of AfB1. In 1978, 

Masimango et. al. [221] demonstrated that bentonite was able to adsorb 94 to 100 % of 

AfB1. Several different types of bentonite were tested, with adsorption dependent of the 

nature of the clay.  Ten years later, supplementary experiments, by Dvorak [216], showed 

that, aside from water, bentonite could continue to adsorb AfB1 in a variety of different 

liquid media, including saline solution, porcine blood serum and stomach fluid, and bovine 

rumen fluid. The average AfB1 uptake by bentonite in these different media was 66 %. 

Additionally, 2.5 % bentonite additions are able to adsorb Af to non-detectable amounts at 

low pH 2 [124]. 

 In vivo studies using bentonite were not as promising. A porcine study using 0.5 % 

calcium bentonite in feed contaminated with 800 ppb AfB1 showed no benefit over the 



 
 

57 
 

control group, where the clay was omitted. Increasing the clay content to 1 to 2 % showed no 

substantial performance gains or improvement in blood serum levels [222].  Studies giving 

AfB1 contaminated feed (also 800 ppb) to pigs showed no additional benefits in increasing 

sodium bentonite clay concentrations more than 0.5 % [223]. Alternatively, other studies 

show the inclusion of bentonite at 0.5 % and 1.0 % show that growth inhibiting effects of 

broiler chickens diminish by 64 % and 84 %, respectively [195]. The effects of bentonite 

additions to animal diets may inhibit mineral metabolism. Schell et. al. [224] studied these 

effects using 1 % additions of sodium bentonite to pig diets. It was shown that the clay did 

not alter the absorption and retention of potassium, copper and manganese, but did have 

some affects on calcium, zinc, phosphorous, and iron. It was also seen that sodium and 

magnesium absorption was lowered with the additions of the clay. However, serum and liver 

mineral concentrations were generally unaltered. 

  HSCAS- HSCAS, which today can be more commonly be found under the name 

NovaSil™ is a form of natural zeolite, which was originally sold as an anti-caking agent for 

animal feeds [210, 211]. However, this aluminosilicate clay has positive-charge deficiencies 

that cause it to adsorb positively charged molecules [225]. This property led to its discovery, 

in 1987, of adsorbing AfB1 [124, 226]. To this day, HSCAS remains one of the most widely 

used materials for adsorption AfB1.  

In vitro experiments performed using radio-labelled AfB1 revealed that of 38 

sorbents tested, many of which included clays, HSCAS was the most stable AfB1 adsorbing 

substrate. It remained stable under various pH environments (pH 2, 7, and 10) and 
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temperatures (35 and 37 degrees C). Studies showed HSCAS had the ability to adsorb more 

than 80 % of the AfB1 present [227] and may reach equilibrium after only 30 minutes [228], 

though other studies show lower adsorption [185] and longer incubation times of up to 1 day 

are needed [229].  Binding calculations indicated that roughly a maximum of 200 to 232 

nmol of AfB1 could be bound per mg of HSCAS [228]. In vivo assessments were also 

promising. HSCAS at a 0.5 % concentration also has been added to the diets of a variety of 

animals, including chickens, turkey [229], minks [231], pigs [222, 224], cows and lambs 

[232, 233], with or without AfB1 additions. Studies show that in all cases HSCAS abolished 

or lessened the related health hazards, as evaluated through animal performance and 

numerous biochemical and histopathlogical parameters [124].  Furthermore, HSCAS was 

able to reduce the secretion of metabolized AfB1, known as AfM1, in the milk of cows 

[233].  

HSCAS’s high affinity and high capacity for binding AfB1 cause for speculation of 

binding mechanisms as compared to other clays. Earlier studies testing the stability of AfB1-

HSCAS complexes observed less than 10 % desorption with the addition of an elutropic 

series of solvents.   The  authors believed that a strong binding chemisorption had taken place  

[227]. However, in later years, it was proposed that the suggested mechanism of AfB1 

sorption was due to an electron donor acceptor mechanism [210]. Layers of HSCAS clay are 

negatively charges resulting from isomorphic substitution. To balance this charge positively, 

charged molecules, or molecules with partially positive areas are attracted to the clay. In the 

case of AfB1, its dicarbonyl system is partially positive and has shown to be drawn to the 
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HSCAS. Additionally, with the exception of the terminal furan ring (Figure 1.20), AfB1 is a 

planar molecule. Therefore, special orientation is shown to play a role in how AfB1 is 

adsorbed. HSCAS is believed to favor an orientation where this furan ring is aligned away 

from the surface. The primary binding size of HSCAS is within the interlamellar region, thus, 

adsorption experiments on heat-collapsed HSCAS show that, if this area is compromised, 

AfB1 adsorption is greatly reduced since the external surface only accounts for a minor 

amount of the AfB1 adsorbed. Additionally, the stereochemistry is believed to be important 

in sorption. Aflatoxin analogues, which contained functional groups, making them larger 

than AfB1, may have their adsorption in the interlamellar region compromised by the 

stereochemical restrictive groups [210]. Other mechanisms may also be involved in the 

adsorption of AfB1, theses include potential chelation of interlayer cations, particularly Ca2+, 

and attraction of the carbonyl system to uncoordinated edge-site metals, specifically 

aluminum ions [211, 213, 234-236].  

Recent research studies the long term effects of HSCAS consumption. Suspicions of 

Ramos and Hernandez [119] state that, due to the physical binding of AfB1 to HSCAS, there 

is also a strong possibility of binding essential vitamins, minerals and amino acids present in  

the gut, thereby making these less available for natural absorption. However, short-term 

animal studies have showed no adverse effects when administering doses up 2 % in the diet 

[237]. Long-term exposure (6.5 months) of HSCAS was also completed with rats [238]. 

HSCAS dosage ranged from 0 to 2 %. Results showed no mortality or morbidity and no 

adverse affects on bodily or organ weights, feed conversion rations, gross anatomy and 
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histological appearance of major organs, hematology and serum biochemistry parameters. 

Select nutrients, vitamins A and E, iron and zinc were also studied and showed no deviations 

from normal levels, though previous studies showed zinc utilization was slightly reduced 

[186].  Because of HSCAS’s high inclusion rates, there is still concern over other vitamins 

and minerals that may be adsorbed [239]. Overall, this outcome led to short-term phase I 

clinical trials for 50 healthy adult humans (ages 20 to 45) at Texas Tech University [240].   

The study was carried out to examine the short-term safety and tolerance of HSCAS 

(NovaSil™) capsules in normal human subjects and to develop optimal protocols for human 

intervention studies. The study used a high dose (3 grams/day) and low dose (1.5 grams/day) 

group, which were extrapolated from previously published animal studies [211, 235, 238]. 

After 14 days it was determined that doses of both 1 and 3 grams/day were safe as 

determined through physical examination, biochemistry and hematology evaluations, 

including no statistical differences in the serum levels of vitamin A and E, iron and zinc 

present. These results further suggest that HSCAS has a biding specificity for AfB1 and 

allowed for further direction into phase IIa clinical trials [240]. 

Phase IIa clinical trials were completed in Ejura-Sekyedumase district, Ashanti 

Region, Ghana [241] to further evaluate the safety and tolerance of HSCAS pills for potential 

preventative use in countries where the risk of aflatoxicosis is high. The 3 month study was 

completed on 177 adults, in which 90 % completed the study and 99 % reported no side 

effects. Of those who experienced side effects, conditions were only mild to moderate and 

none appeared to be associated with HSCAS treatment. The outcome of the study reported no 
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significant different in hematology, liver and kidney functions and electrolytes. Additionally, 

serum biochemical analysis showed some isolated differences in a few parameters but no 

trends of association or dose-dependency. Furthermore, all differences fell within the normal 

physiological ranges. Overall, results show that inclusion of HSCAS, at the tested levels, 

were safe and support the application for HSCAS to be used as preventative maintenance 

against aflatoxicosis of humans who are acutely exposed. However, phase IIb and III trials 

must be performed to confirm safety and efficacy for prolonged therapy [210].   

 

Nanodiamonds: NDs are the latest addition to potential aflatoxin enterosorbents. Though 

HSCAS clays seem promising in their removal of Af, there are still some questions and 

disadvantages relating to their use. For example, questions still remain on how quickly they 

can bind the toxin, while some experiments say 30 minutes [228] others report 24 hour 

incubation  times [229]. Additionally, though it was shown not to inhibit natural adsorption 

of vitamin A and E, as well as iron and zinc, interference of other essential vitamins and 

minerals  were not   evaluated.   Due to the high inclusion rate of   aluminosilicate  clays it is  

probable that other critical nutrients may be affected and such deficiencies may create 

problems with prolonged administration [197].  Lastly, methods of administering HSCAS 

become difficult in situ for livestock.   In vitro experiments for enterosorbent materials 

mentioned earlier are commonly evaluated in liquid media. However, upon dosing in vivo 

both human and animal subjects are administered powered materials. Humans may take 

capsules without difficulty; however, for animal species administering the clay becomes 
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more difficult. Animals commonly receive dosing in their daily feed, which creates 

uncertainties in monitoring the exact dosage consumed by each animal. Real life situations 

will require an easy way of administering the enterosorbent on a day to day basis, which is 

not yet attainable by HSCAS.   

NDs have to potential to overcome the failing attributes of HSCAS, while still 

adsorbing high quantities of Af. As stated previously, NDs have advantages of 

biocompatibility with low cytotoxicity, but additionally possess high colloidal stability and 

sorption capacity over a wide range of pH [16]. Their high aqueous stability has the 

possibility to make dosing animal subjects much simpler. Substitutions of aqueous ND 

solutions for pure water will allow for precise dosage of enterosorbents. Several studies have 

already indicated ND colloids as a substitute for water, shown no adverse effects in animal. 

Furthermore, because NDs stay stable over a wide range of pH they may be able to exhibit 

higher sorption capabilities in the GI tract due to their resistance to aggregation, which may 

block binding sites. Lastly, because NDs can be tailored with different functional groups 

during manufacturing and modification treatments, NDs may be able to selectively adsorb Af 

while excluding critical nutrients.  

Though this work focuses on exploring the effectiveness of ND enterosorbents, a few 

studies have already been completed showing the effectiveness of ND substrates in AfB1 

adsorption. Studies by Puzyr et. al. [182] showed that modified NDs (MND) have the ability 

to adsorb AfB1 within only 2-3 minutes, and increasing this time did not show elevated 

adsorption levels. Moreover, dry powder additions versus ND hydrosols showed no 
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differences in their ability to adsorb AfB1. However, the amount of ND added does influence 

AfB1 uptake. Results (Figure 1.22) show differences in adsorption percentages and 

capacities based on varying ND and AfB1 additions.  In example, AfB1 adsorption reaches 

60 % with 25 mg of ND (1 mL), however, the correlated adsorption capacity is low. By 

increasing the amount of AfB1, the capacity of the ND increases by one order of magnitude. 

Similarly, increasing the amount of ND increases the amount of bound toxin, but decreases 

the sorption capacity [182]. Other papers have reported 81 % of AfB1 can be adsorbed by 

NDs, based on spectral analysis, without specification of ND-AfB1 ratios [242]. Our most 

recent studies show that the ratio of NDs to AfB1 and the concentration of the ND 

suspensions critically influence the calculated capacities of the ND [243]. In agreement with 

Puzyr’s studies, we also observed higher capacities with lower ND concentrations and lower 

ND to AfB1 ratios, though adsorption percentages are lower. This outcome is rationalized by 

the fact that more ND particles allow for greater adsorption of the AfB1 molecules, but there 

are not enough of these molecules to completely saturate the ND’s surface. 

Results of Puzyr’s study illustrate that adsorption capacities and percentages as 

compared to other enterosorbents are not astonishing. However, this work only examines 

adsorption by one type of ND. Whereas, our studies illustrate selection of a different ND 

substrate, or modification of the ND, increases the ND’s adsorption affinity for AfB1. 

Modified NDs (MNDs) used in Puzyr’s studies were reduced in size from approximately 80 

nm to 40 nm. ND concentrations were also reduced from 25 µg/mL to 1 µg/mL and showed a 

significant increase in adsorption capacity for AfB1 (from 0.011 µg/mg to 9.75 µg/mg). 
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Moreover, adsorption capacities were even higher (12.47 µg/mg) when using positively 

charged, 40 nm Ch-F6 ND. Though positively charged substrates show slight increases in 

AfB1, the dominating characteristic for AfB1 adsorption is reliant on the aggregate size of 

the NDs [243].  

 

Figure 1.22. Modified ND (MND) sorption characteristics depending on the AfB1 content in 
specimen at a constant amount of nanoparticles (a) and depending on the content of 
nanoparticles in specimen at a constant amount of AfB1 (volume 1 mL) (b) [242].  
 

 

NDs also show promising behaviors under different pH environments. Their 

experiments demonstrate that adsorption of AfB1 in acidic environments (pH 2) are identical 

to results at the natural pH (pH 6). However, in alkaline conditions (pH 9) the characteristic 

spectra of AfB1 changes as alkalinity begins to destroy the lactone ring, thereby degrading 
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the molecule. Even so, the addition of ND to Af at this pH resulted in greater changes to the 

spectrum indicating that NDs still continue to adsorb the toxin [182].   

  The authors’ latest publications demonstrate the increased effectiveness of 

combining NDs with Af destruction techniques, i.e. ozonation [244]. Figure 1.23, below, 

shows results of their studies, including the effect of ozone solutions on AfB1 alone and 

paired with subsequent ND additions for adsorption of residual toxins. As reported, the 

combination treatment of both ozone hydrosols and NDs together are more effective than 

employing these techniques separately. In in vivo experiments, rats were examined for their 

hematological parameters and the state of the liver cells after orally administering AfB1 with 

and without ND substrates. As different species show varying resistance to AfB1’s toxic and 

carcinogenic effects [245], rats were selected as they show greater sensitivity to the toxin 

than mice. Rats were giving 0.1 μg AfB1 per gram of body weight with some rats receiving 

additional ND hydrosols (0.4 wt. %). After the 35 day experiment, hematological parameters 

and state of the rat’s liver cells show that the presence of ND substrates lessens the toxic 

effects of AfB1 on the animal. Leukocyte increases were seen in the presence of NDs alone, 

likely due to interaction with GI macrophages. However, ND in the presence of AfB1 

lowered   count to more  normal   levels.    AfB1 with NDs showed normal platelet and 

erythrocyte levels.  Ultrathin sections of liver cells were also analyzed in all rat groups. AfB1 

in the presence of NDs showed higher amounts of lysosomes and lipid aggregates of low 

electron density, likely a result of compensatory response to NDs. Rats who received AfB1 

alone showed hyperplasia of the smooth endoplasmic reticulum (EPM), possibly indicating 
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hyper-function. Most importantly, rats who received AfB1 with NDs showed no such 

changes, but did show some lysosome aggregates, indicative active degradation of foreign 

compounds and their elimination from the cell [242]. The hepatocyte ultrastructure taken by 

TEM imaging can be seen in Figure 1.24. 

 
 

 

Figure 1.23. Absorption spectra of AfB1 water solutions for various ways of processing 
them: (a) processing with ozonized water with different concentrations of O3 and (b) 
posterior adsorption on MND (particle content is 2.5 mg) [244]. 
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Figure 1.24. Ultrastructure of hepatocytes of animals: (a) rats that orally received water, (b) 
rats that orally received the MND hydrosol, (c) rats that orally received the AfB1 aqueous 
solution, (d) rats that orally received AfB1 with the MND hydrosol. Bar—2 μm. Arrows 
show hyperplasia of smooth endoplasmic reticulum in hepatocyte image. Note: n=nucleus, 
m=mitochondria, lip=lipid inclusions, ly=lysosomes [242]. 
 

Table 1.5. Summary of in vitro adsorption experiments of aflatoxins by different adsorbents. 

Sorbent  
Adsorption capacity 

(mg/g) Reference 
Activated Charcoal 10 [192] 
Activated Charcoal 120 [193] 

Mycosorb 0.204 [135] 
Bentonite 45 [246] 
HSCAS 62-103 [228] 

Aluminosilicates (Ethacal®, Novasil™, 
perlite, zeobrite) 0.06–0.80 µg/g [185] 
RUDDM NDs 0.148- 9.75 [182, 243]

Ch-F6 NDs 12.47 [243] 



 
 

68 
 

1.2.2 Ochratoxin 

Ochratoxin is another class of mycotoxins produced from Penicillium verrucosum 

and several Aspergillus strains, including A. ochraceus, A. carbonarius, and less commonly 

A. niger. There are several varieties of ochratoxin, including ochratoxin A, B and C and their 

various derivatives [247]. Of these, ochratoxin A (OTA) is the most commonly detected and 

most toxic. OTA is found in a variety of different food sources.  Most regularly, OTA is 

found in grains but has also been known to affect many other commodities of plant and 

animal origin, including coffee, spices, herbs, cocoa, grapes, meat, milk, juices, beer, wine 

and vinegars [247, 248]. Unlike the funguses that produce aflatoxins, those that produce 

OTA can flourish under moderate temperature and humidity. Because of this OTA can be 

found in crops world-wide, however, the continents of primary concern are Africa, 

particularly Europe and North America [248, 249]. In fact, studies conducted in the early and 

mid-1990’s show OTA to be widespread in Europeans’ blood and breast milk [250, 251]. 

Evaluation of data by The Joint Expert Committee on Food Additives, the FAO and 

the WHO led to the conclusion that human ochratoxin exposure is primary gained through 

consumption of grains (58 % of the intake), wine (21 %), grape juice (7 %), coffee (5 %), and 

pork (3 %) [252]. Furthermore, the toxin is relatively heat stable, meaning baking or roasting 

contaminated foods will only reduce the toxin concentration by 20 %, where boiling [253, 

254] and most other processing methods have no influencing effects [163, 247]. 

Ingestion of OTA has been associated as mutagenic, nephrotoxic, 

nephrocarcinogenic,  teratogenic [255],   immunosuppressive  properties  that may lead to the 
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development of certain disease, such as Balkan Endemic Nephropathy (BEN), the 

development of urinary tract tumors, and possibly connected with testicular cancers [247]. 

Based on sufficient evidence in humans, the International Agency for Research of Cancer 

(IARC), in 1993, classified OTA as a group 2B carcinogen, representing possible 

carcinogenic properties [256]. Because of this the maximum tolerance levels are set at 5 and 

3 μg/kg for raw and processed cereals. However, several countries, including the United 

States [257] and European Union [255, 258], are currently reassessing this maximum. 

Interestingly, unlike aflatoxin, not all animal species are affected by OTA. In fact, 

OTA is shown to have strong species- and sex- specific differences [255]. While humans and 

pigs have sensitivity to the toxin, cattle and other ruminants lack side-effects from OTA 

consumption. Ruminants natural flora in their rumen, used for microbial fermentation of 

ingested feed, naturally decompose the OTA so that it does not pass on throughout the 

remainder of their GI tract. Additionally, this means consuming the meat or milk of these 

animals is of no dire threat [247]. Sex-specific differences were also reported surrounding 

BEN disease, a kidney disease that primarily affects women [259] and whose final stage is 

characterized by renal failure and shrinkage of both kidneys. In rodent studies, male rats were 

far more likely to develop renal cell carcinoma or renal tumors than females. Reasons for this 

are not clear, however, it is known the OTA forms adducts with DNA and the levels of 

DNA-adducts appear higher in male rats.  Uncertainty also surrounds OTA’s mechanism 

used in cell death and antiproliferation of cells, despite the fact that OTA has been 
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extensively documented in laboratory animals [255]. Table 1.6 shows lethal doses, LD50, and 

half lives, t½, of several different animal species.   

 
Table 1.6. Selected LD50 values and half-lives of OTA in relevant species following oral 
administration [255]. 
 

 

 As with aflatoxin prevention, it is stated that good agricultural practices, such as 

appropriate irrigation procedures, crop turnover, sufficient use of pesticides, and proper 

handling and storage may help minimize the production of OTA [247].  However, even with 

careful agricultural practices OTA may still develop due to the ability of the producing fungi 

to grow in cold climates (0 to 31 degrees C, 20 degrees C is optimum) and in a wide range of 

pH (pH 2 to pH 10, pH 6 to 7 is optimum) [260].To eliminate or counteract the toxin, 

physical, chemical and biological methods are employed. These chosen methods must satisfy 

several criteria including being cost effective, compatible with existing food safety 

legislations and the final quality of the product must remain unaltered [247, 261].  

 Physical decontamination methods, including cleaning, mechanical sorting, 

separation (though filtering, most commonly by activated carbon and potassium caseinate),  
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ultrasonication, irradiation, heating, roasting, frying and autoclaving, vary in their 

effectiveness to reduce the toxin [262]. These differences can be due to heat spiking methods, 

selectivity and sensitivity values, initial contamination level, inhomogeneous toxin, and 

treatment and drying conditions.  Overall, roasting and fining agents appear to have the 

largest reductions in OTA showing up to 99.8 % of the toxin may be removed [247]. 

However, not all physical treatment methods are applicable for all applications. For example, 

some of the reported results were completed on contaminated liquids, which will not cure 

grains. While roasting may greatly reduce the toxin in grains, it is impractical to expect 

farmers will roast grain before feeding to their livestock.   

 Many chemical methods to remove ochratoxin have shown to be rather successful. 

Ammonization has received the most attention as it was shown to completely decompose 

OTA in corn, wheat and barley [263] without the formation and accumulation of toxic 

byproducts from the OTA molecule. After treatment, sensorial properties, such as the 

browning of cereals, and nutritional properties, including the decrease of lysine and sulfur-

containing amino acids, may be altered [263, 264], thereby, compromising ozone’s ability to 

treat contaminated feed [263]. Other methods, including ethyl acetate, dichloromethane, and 

methylene chloride supplemented with 2 % formic acid treatments, have shown to reduce 

OTA by 80 % in coffee beans. Additionally, alkaline treatments eliminate more than 98 % of 

OTA in cocoa, due to the opening of the lactone ring (molecule seen in Figure 1.25) [262]. 

Like aflatoxin decontamination, ozonization has also shown to be effective with some 

applications   showing   undetectable   OTA  remnants  in  grains,  nuts  and  vegetables  after  
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treatment [167]. Furthermore, ozone treatments can be completed quickly requiring only 15 

treatment times with 10 wt. % concentrations. However, chemical treatments are not allowed 

within the European Union for products destined for human consumption. Chemical 

alternatives, i.e., biological decontamination methods, are then considered [262].  

Biological treatments often use microbes or their enzymes for mycotoxins 

detoxification mimicking the natural biological processes found in some species. As 

previously mentioned, OTA degradation occurs in the GI tract of cows due to naturally 

occurring microbial flora in the rumen. Sheep, another in the ruminant family, also possess 

this ability to breakdown the OTA molecule [265]. Enzymes responsible for this 

decomposition are carboxypeptidase A and chymotrypsin [266].  The degradation of 

ochratoxin A by carboxypeptidase A into nontoxic byproducts is seen in Figure 1.25. This 

enzyme is also present in the caecum and large intestine of rats where a similar reaction 

occurs. Partial degradation of OTA was also observed by the microflora in human intestines 

[267], though not enough to fully protect the human from OTA consumption. This identifies 

two ways OTA can be destroyed. The first being the opening of the lactone ring and the 

second including breaking of the peptide bond of OTA into phenylalanine and ochratoxin α. 

Ochratoxin α is almost nontoxic [268] although genotoxicity has been indentified [269]. Of 

these two options, breaking of the peptide bond maybe more successful as the opening of the 

lactone ring is reversible and may be regenerated in acidic environments [247].  

The majority of microbes degrading OTA have been able to do so by removing the 

phenylalanine moiety from OTA. It has been seen Saccharomyces cerevisiae and Kloeckera 
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apiculata yeast isolates were able to cause OTA degradation during alcoholic fermentation, 

and Streptococcus salivarius, Bifidobacterium bifidum, Lactobacillus delbrueckii, as well as 

yogurt bacteria have entirely degraded OTA levels in milk samples. Furthermore, in excess 

of 70 Aspergillus fungal isolates have also showed their ability to degrade OTA into the 

phenylalanine and ochratoxin α byproducts [262].   

 

 

Figure 1.25. Degradation of ochratoxin A by carboxypeptidase A [262]. 

 

 Researchers are studying other methods of inducing peptide cleavage in the OTA 

molecule. One molecule that shows much promise is aspartame, a common sugar substitute.  

Aspartame has a structural similarity to OTA and its breakdown products also include 

phenylalanine. Creppy et. al. [270] comprehensively explored the molecular mechanism 

responsible for the preventative measures of aspartame. Their conclusions arise to the fact 

that phenylalanine is cleaved at the peptide bond and the peptide directly affects the bending 

capacity and transport of the toxin in vivo and in vitro. These studies showed aspartame 

inhibited  OTA  from  binding  to  plasma  proteins  in vitro  and  prevented genotoxicity  and  
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nephrotoxicity when given to rats [123].   Many authors suggest that aspartame is the best 

candidate for preventing OTA induced toxicosis [264, 270]. However, the addition of 

aspartame to food substances can be detrimental to phenylketonurics, individuals who cannot 

properly metabolize the amino acid, phenylalanine. Phenylketonuria, commonly referred to 

as PKU, has been said to affect 1 out of every 1,000 to 2,000 humans [271].  Though this 

group is not large, alternative preventative measures to inhibit OTA toxicity are needed.  

 

Ochratoxin Enterosorbents 

Requirements listed earlier for aflatoxin enterosorbents must also be met for OTA 

adsorbing substrates.  These included having a high capacity for the molecule, strong and 

selective binding of the molecule, and it must be safe for ingestion.  Though OTA and AfB1 

enterosorbents share the same requirements, substrates deemed appropriate for adsorbing one 

molecule may not perform equally in the case of the other, primarily due to structural and 

charge differences between the two molecules. It is well recognized that binding by 

substrates is reliant on the properties of mycotoxins, including shape, size, polarity, and 

solubility in water. In example, unlike rather neutrally charged AfB1, OTA dissociates to 

create a negatively charged molecule that may be heavily influenced by electrostatic 

interactions between OTA and the adsorbing substrate. Because different substrates may 

have distinct affinities for binding each toxin, enterosorbents listed in the previous section 

must be re-evaluated in the case of OTA. We describe several classes of enterosorbents most 
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commonly studied with OTA, along with their effectiveness for adsorbing the OTA 

molecule.  

 

Yeast and Yeast Cell Walls: OTA biosorption with yeast has shown varying rates of 

success. Adsorption values ranging from 32 to 98 % have been reported depending on the 

type of yeast used and the toxin concentration [272]. In addition to this, other factors, such as 

pH have also shown to influence OTA adsorption.  In vitro experiments using 40 % sterilized 

yeasts and 60 % residua of beer production were examined for adsorption at a pH of 3 and 

pH of 8.  As seen, lower pH adsorbed greater amounts of OTA, specifically 8.6 mg of OTA 

per gram of yeast, whereas at a pH of 8 only 1.2 mg/g was adsorbed. However, in vivo results 

were less promising showing the inclusion of feed supplements of 5 % yeast, given to pigs, 

insignificantly reduced OTA concentrations in blood plasma, bile and tissue samples [197]. 

However, when yeast cell walls were chosen over the whole cells, OTA adsorption may be 

elevated. The cell walls, as mentioned previously, have numerous and diverse adsorption 

centers allowing for adsorption though physical adsorption, chemical binding of ionic 

groups, ion exchange, and more [197]. Though biosorption mechanisms in some cases are 

still not very well understood, it is proposed that cell surface adsorption is a physio-chemical 

interaction between the toxin and cell’s functional groups, which occur quickly and 

reversibly [272, 273]. Surface adsorption by yeast cells relies on physical adsorption ion-

exchange and complexation, which is not dependent on metabolism. Cell walls, however, 

offer an abundant of functional groups, including carboxyl, hydroxyl, phosphate and amino 
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groups, polysaccharides, proteins, lipids, and hydrophobic adsorption sites such as aliphatic 

carbon chains and aromatic rings, which aid in the binding of toxins like OTA [273].  

 

Activated Charcoal: AC has exhibited high in vitro affinity for OTA, with up to 121 µg of 

OTA adsorbed per milligram of sorbent  [274, 275]. Rotter et. al. showed that 50 mg of AC 

was able to adsorb 90 % OTA (150 µg) [275]. However, the addition of charcoal to a 

complete diet did not significantly reduce the effects of OTA in chickens. Increasing charcoal 

supplementation to up to 10,000 ppm in chicken’s diets also showed no additional gains. The 

authors speculate that AC additions are an impractical method to eradicate OTA toxicity in 

poultry, but state that diets with smaller OTA levels may be effectively protected with AC 

[119]. However, other studies show significant OTA reduction by AC in blood, bile and 

tissue samples of pigs [197]. Also, one must take into account the property differences in 

ACs based on manufacturing techniques and starting materials [274]. Other types of AC may 

be more effective at adsorbing OTA in vivo [123].  To determine this, several types of AC 

should be considered using the methodological approaches previously shown in Figure 1.21. 

It should also be noted that while ACs aren’t very effective as an in vivo enterosorbent, AC 

as a fining agent for OTA contaminated wine is very effective, showing up to 99.8 % toxin 

reduction [247].  

 

Clays: Clay research with OTA is very limited. While several studies have been completed 

with   OTA,  none   hold   high  promises  on  OTA  adsorption.   While  HSCAS  clays  were  
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extremely effective in the binding of AfB1, however, it holds no protective properties against 

OTA toxicosis [123, 124]. In vitro studies show 0 to 2.2 mg of OTA adsorbed per g of 

HSCAS show no significant reduction in OTA toxicosis in pigs. Bentonite, which 

demonstrates slightly higher adsorption in vitro (1.5 to 9 mg/g), also showed insignificant 

protection against pigs at both 1 and 10 % concentrations [197]. The ineffectiveness of the 

clays arises from their hydrophilic, negatively charged surfaces. OTA, which also carries a 

negative charge, likely demonstrates electrostatic repulsions with the clay substrates, thereby, 

preventing adsorption. Modification of the negatively charged minerals was carried out to 

control the surface properties and hydrophobicity by cation exchange of natural charge-

balance cations, including Na+, K+, Ca2+, Mg2+, with high molecular weight quaternary 

ammonium ions. With modification of zeolites and organo-zeolites, by different amounts of 

organic cations, adsorption was significantly improved. The presence of long chain organic 

cations on the zeolite’s surface resulted in up to 99 % adsorption of OTA. Authors suggest 

the increase in hydrophobicity of the mineral substrate plays a role in the newly improved 

adsorption, but the non-linear shape of constructed isotherms may indicate additional 

mechanisms are involved [276]. However, the effectiveness of these materials still needs to 

be evaluated in vivo. 

 
 

Nanodiamonds: We report first studies of OTA adsorption by NDs substrates [243]. 

Outcomes of our studies show NDs have increased affinity for OTA over AfB1. This 

attraction  is  dominated  by  the  electrostatic  interactions  of  negatively  charged  OTA  on  
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positively charged ND substrates. While the positively charged NDs showed the highest 

adsorption capacities (up to 25.2 μg/mg), negatively charged NDs also showed adsorption of 

the molecule, indicating adsorption mechanisms are not purely electrostatic. Other influences 

on OTA adsorption capacities include aggregate size reduction, though not as influential as in 

AfB1 studies, and surface chemistry modifications, with hydroxylated NDs showed highest 

adsorption.  

 

Table 1.7. Summarized in vitro experiments for ochratoxin A by various sorbents. 

Sorbent 
Adsorption capacity 

(mg/g) Reference 
Activated Charcoal 100 [197] 
Activated Charcoal 124 [274] 

Yeast 1.2-8.6 [197] 
Bentonite 1.5-9.0 [197] 
HSCAS 0-2.2 [197] 

Modified Organo-zeolites 1.48 [276] 
Hydroxylated ND 25.23 [243] 

 

1.3 Dye Models 

Due to the toxic nature of the mycotoxins, dye models were initially used to develop 

methodologies and better understand the adsorption properties of the ND as it relates to 

surface modifications, including electrostatic interactions, surface chemistry differences, and 

aggregate sizes. Three fluorescent dye molecules were chosen for initial experiments. Each 

of these dyes were selected for their well-characterized properties and for their fluorescent 
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ability, making it easy to detect the amount of bound versus unbound molecules on the ND 

substrates through spectroscopy.  

The first dye, propidium iodide (PI, Figure 1.26), was chosen as it is a positively 

charged molecule used widely in microbiology for distinguishing necrotic (sudden cell 

death), apoptotic (programmed cell death), and normal cells [277, 278].  In simpler terms, it 

can be used to stain dead cells in a large population.  Additionally, PI allows for the 

determination of the DNA content of each cell and the percentage of cells in each phase of 

the cell cycle population by simply staining the cell’s nuclei or the entire cell [279-281].  

 

Figure 1.26. Molecular Structure of positively charged fluorescent dye molecule propodium 
iodide (PI).  

 
 

 Propidium iodide functions by binding to nucleic acids and intercalating between 

bases of DNA or RNA.  In double stranded DNA, intercalation of the dye occurs with a 

density of roughly one dye molecule per every 4-5 base pairs. Binding is facilitated by the 

charge interaction of the positively charged dye with the negatively charged nucleic acid.  

However, the dye can only go into late apoptotic and necrotic cultured cells without sequence 

preference [282, 283]  and is  prohibited from  penetrating live cells due to its positive charge 
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[284]. Propidium iodide, when bound to nucleic acids enhances its fluorescence 20-30 fold 

and absorption maximum shifts approximately 30 to 40 nm to 535 nm (red shift). 

Additionally, fluorescence emission maximum shifts roughly 15 nm to 617 nm (blue shift) 

[280-283].   

As a comparison to the positively charged dye, and to observe the role of electrostatic 

interactions with various ND substrates, two negatively charged models were also chosen, 

this being 8-Hydroxypyrene-1,3,6-trisulfonic acid (pyranine) and 2,2'-azino-bis(3-

ethylbenzthiazoline-6-sulphonic acid) ABTS (Figure 1.27). Pyranine is a small, hydrophilic 

fluorophore that has been shown to have many industrial uses, including as a coloring agent 

in dyes and cosmetics [285], biological stain, and an optical detecting reagent for bile acids 

[286]. However, pyranine is most commonly known for its pH detecting properties.  While 

pyranine is capable of measuring intracellular pH, it is not membrane permeable [287]. 

However, due to its sensitivity, it is often used for monitoring the pH of liposomes. This use 

of pyranine was first introduced in 1978 by Kano & Fendler. The authors discovered the 

three sulfonate groups on pyranine completely ionize and are repelled from the negatively 

charged interior of the liposomes. The interior of these liposomes contain water molecules 

that are acidic in nature and gave rise to pH detection. Conversely, the anionic nature of 

pyranine allows for its attraction to positively charged portions of the liposome and as a 

result also provides information on the surface charge of the cell [288].   
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(a)                       (b)                                            

Figure 1.27. Molecular structure of negatively charged fluorescent dyes Pyranine (a) and 
ABTS (b). 
  

Pyranine, which has been shown to have a pH-dependent absorption maxima at 380, 

400, and 450 nm, undergoes a large excitation shift, at 510 nm, when the molecule becomes 

protonated and in turn results in a distinct isobestic point. The isobestic point is an important 

contributor in to pyranine’s ability to accurately identify pH by taking the ratio of the two 

absorption intensities at each side of the isobestic point [287, 289].  

The second dye, ABTS, was selected also due to its anionic nature. ABTS has 

conventional use in observing the kinetic reactions of certain enzymes. It is a stable and 

nontoxic dye that can be easily dissolved in water. Oxidation of ABTS, through the removal 

of an electron, results in a solution of a vibrant blue-green hue [290]. The resulting radical 

cation is reactive towards most antioxidants, including phenolics, thiols and Vitamin C [291], 

thus it is often used in the food industry to measure the antioxidant capacities of food.     

After completing  the reaction ABTS returns back to its neutral state and colorless form,  
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which is observed through spectrophotometry [292]. Other applications of ABTS include 

estimating  glucose levels  in  blood serum.   The reaction requires two molecules of 

glucoseoxidized ABTS for each oxidized glucose molecule [290].  

The use of these dyes will not only divulge the absorbing nature of the ND substrates, 

but the easy coupling of these dyes to ND substrates may also expand the applications of 

NDs in the area of biosensors.   
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Abstract 

Identifying new biocompatible enterosorbents that bind aflatoxins is an active area of 

research. One particular enterosorbent of interest is nanodiamond particles. We report the 

first experiments on using nanodiamonds (NDs) as enterosorbents for aflatoxin (Af) 

adsorption.  Because nanodiamonds exhibit low colloidal stability, modification techniques 

and ways of stabilizing these structures over various pH environments are essential. Analysis 

of colloidal stability of ND suspensions that have undergone different surface modifications 

is presented based on measurements of their zeta potentials and on titration experiments. 
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 2.1  Introduction 

Mycotoxins, low molecular weight metabolites produced by fungi, are potential 

carcinogens. Aflatoxins, a group of mycotoxins, are invisible to the naked eye and may affect 

humans directly or indirectly by ingestion of moldy foods or infected animal products. 

Enterosorbents, structures that bind toxins in the gastrointestinal tract, are an effective way to 

remove mycotoxins. Requirements for a successful enterosorbent include biocompatibility, 

good dispersivity during ingestion and excellent selectivity as to not interfere with the 

adsorption of critical nutrients needed in the diet [1].  Furthermore, they should be relatively 

cheap and abundant, as well as easily transported and administered.  Previous studies have 

shown that hydrated sodium calcium aluminosilicate (HSCAS) clay as a feed additive [1] 

serves as an effective enterosorbent for the binding of aflatoxins. While HSCAS is effective 

towards aflatoxin adsorption, it has a low selectivity, which motivates the discovery of more 

suitable enterosorbents. 

Nanodiamonds (NDs) are among one of the materials being researched for 

enterosorbent applications. ND particles have attractive physicochemical properties that 

include very high surface densities (300-400 m2/g), rich surface chemistries, and permanent 

surface charges. Previous studies indicate that these diamond nanoparticles are biocompatible 

and non-toxic [2, 3]. Such properties are critical for their biomedical use. Biocompatibility 

and non toxicity issues were demonstrated in white mice by substituting ND hydrosols 

(0.002-0.5 wt. %) for water over a period of 3-6 months [2].  No significant weight changes, 

problems in reproduction (over 5 generations) or deaths were observed as a result of this  
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study. However, with extended substitution, leukocyte counts were increased, with the level 

dependent on the concentration of NDs in the hydrosol [2, 3]. A second study using 

intramuscular injection showed no tissue inflammation at the area of injection [3].  Outcomes 

from these studies encourage further research and indicate that the use of diamond 

nanoparticles may be promising for binding particular classes of mycotoxins in both animal 

and potentially human use. 

While their physicochemical properties make them attractive candidates as 

enterosorbents, selection of the appropriate NDs for mycotoxin binding is not straight 

forward, primarily due to a wide variety of ND types. In general, NDs produced by 

detonation of carbon-containing explosives were purified from the soot and metallic 

impurities were removed by a wide variety of methods at an industrial scale. This results in 

different aggregates size and surface chemistry, which leads to various levels of dispersivity 

and stability among ND particles. Colloidal stability among vendor received, unmodified 

nanodiamonds in most cases is quite low. Appropriate surface modification significantly 

increases ND colloidal stability [4]. Additional processing may include fractionation [5] and 

treatment in atmospheric plasma [6] to produce target surface structures that alter chemical 

and physical properties that in turn change both the hydrophilic/hydrophobic and dispersivity 

characteristics. 

With an end goal to develop the optimal enterosorbent, such characteristics as particle 

size, surface chemistry, and zeta potential across different pH levels have been studied for  
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several types of NDs and are reported below. Preliminary results on binding aflatoxin by ND 

particles are also discussed.  

 

2.2  Experimental Details 

The ND used in this work was synthesized by the detonation of a mixture of 

trinitrotoluene (TNT) and 1,3,5-trinitro-1,3,5-s-triazine (RDX). The sample denoted Ch-St 

was purchased from “New Technologies”, Chelyabinsk, Russia. This sample was generated 

by a detonation soot purification process using a mixture of sulfuric acid with chromic 

anhydride treatment, washed with water, and dried.  Sample Ch-St was then additionally 

purified using ion-exchange resins, heat treated in an air atmosphere and fractionated by 

centrifugation. This modified sample is called Ch-I6 in the experiments below. Samples 

denoted Kr-Black and Kr-Grey were produced at the Krasnoyarsk Research Center, Russia 

by explosion of TNT/RDX in a CO2 atmosphere and oxidized in air in the presence of boric 

anhydride.  The samples were then modified, as given in reference [4], resulting in a 

significant increase of the ND dispersivity and hydrosol stability. Sample RUDDM was 

purchased from Real-Dzerzinsk, LTD. This product was also modified according to the 

method in reference [4], fractionated and dried. The polydispersed powder (RUDDM) was 

fractionated to 2 fractions with ND agglomerate size within the 0-250nm range (RUDDM 1) 

and the 150-400nm range (RUDDM 2). Prior to zeta-potential and particle size 

measurements, the ND suspensions were sonicated. The sonicator was equipped with a 

tapered titanium horn with a tip diameter of 3 mm (Cole-Parmer® 750-Watt Ultrasonic  
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Homogenizer EW-04711-60, 20 kHz), which was directly immersed into the sample.  The 

output power was 10 W and the output intensity was ~100 W/cm [3]. Size distributions of the 

NDs in their hydrosols were measured by dynamic light scattering using a Beckman-Coulter 

N5 submicron particle size analyzer and Malvern ZetaSizer Nano ZS. Zeta potential values 

were measured using laser doppler velocimetry (ZetaSizer Nano ZS, Malvern Instruments). 

The pH titrations of 0.1 wt. % ND suspensions were conducted in several manners: from pH 

of 12 to 1; from pH of 1 to 12 and, additionally, from the ‘natural’ pH of suspensions to 1 or 

to 12. To conduct the pH titration, 0.1M HCl and 0.1M NaOH were used. De-ionized (DI) 

water with a resistivity of 18 MΩ.cm was used to prepare the samples.  

Aflatoxin B1 (Af) was purchased from VNIIVSGE (Russia). A suspension of Af (5 

μg/ml) in DI water was mixed with a ND hydrosol (10 mg/ml) in the ratio 1:1. After a 5 min 

incubation time, Ca+ ions (5 mM) were added to the mixture to promote ND coagulation. 

After separating the NDs with adsorbed Af using centrifugation (Eppendorf Mini Spin Plus 

centrifuge), the concentration of the Af in the supernatant was measured and compared with 

the concentration of the stock Af solution. Adsorption capacity was calculated as the 

difference between the initial and final concentrations of Af. The concentration of Af in 

suspensions was measured by two methods: from fluorescence spectra collected with 

SpectronicUnicam (USA) and by High performance liquid chromatography (HPLC) with a 

Milichrom A-02 (EcoNova, Novosibirsk). It was noticed that fluorescence of Af nonlinearly 

depended on a variety of factors such as irradiation time, Af concentration as well as 
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presence of the traces of NDs in the suspension. These factors made interpretation of the 

results challenging. 

 

2.3   Results and Discussion 

2.3.1 Zeta Potential 

The zeta potential is the electrostatic potential (or the net charge) at the particle-

slipping plane. The slipping plane is the boundary of a hypothetical sphere enclosing a 

particle (where loosely bound ions form a stable state and move together with a particle).   It 

is generally stated that colloids with zeta potential values above 30 mV or below -30 mV are 

considered stable suspensions because particles electrostatically repel each other and do not 

agglomerate.   

It was important that the sample preparation procedures provide reproducible results. 

Thus, we studied several factors that can potentially influence readings of the zeta potential, 

namely the role of the sample sonication and ND concentration. To study the role of 

sonication time, suspensions of 0.1 wt. % I6 in DI water were prepared and sonicated for 0, 

1, 2, 3, 5 or 10 minutes. The zeta potential of the suspension without agitation was also 

measured. The ND zeta potential result was the average of six consecutive measurements 

with a standard deviation (STD) about 1-2 mV. The results of this study are illustrated in 

Figure 2.1. It can be concluded that sonication time has little affect on the zeta potential 

readings.  

 



 
 

115 
 

 
 

Figure 2.1. Zeta Potential as a function of sonication time for 0.5 wt. % I6 ND. 
 

The dependence of zeta potential on sample concentration was also studied for the I6 

ND suspension (Figure 2.2). An increase in the absolute value of the zeta potential by several 

mV was observed as the sample was diluted from ~0.1 wt. % to ~0.01 wt. %. A similar 

tendency was observed for several other ND types. To avoid a number of variables, a 

standard procedure for performing zeta potential measurements on samples with 0.1 wt. % 

was used in further experiments. The results most likely indicate that the number of 

dissociating surface groups responsible for the surface charge of the ND is concentration 

dependent.   

A second study by Choa et. al. confirms the internalization of NDs inside the 

cytoplasm by using A549 human lung adenocarcinoma cells [106]. The experiments used 

carboxylated NDs. In their natural form, NDs exhibit fluorescent abilities, due to nitrogen 

vacancy (N-V) defects [60, 113, 114], thus, pre-labeling with florescent dyes could be 
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eliminated. Interestingly, NDs which did not penetrate the cell were shown to adhere to the 

cells membrane even after repeated washing with PBS solution. This interaction is likely due 

to the interaction of COO- groups found on the carboxylated NDs and the NH3
+ groups on the 

outside to the cell’s exterior. Penetration and localization of the NDs inside the cytoplasm 

were demonstrated through Raman and fluorescence experiments (Figure 1.19) [106].  

 
Figure 2.2. Dependence of zeta potential on ND concentration, using I6-ND. 

 

Table 2.1 below summarizes agglomerate sizes and zeta potentials of several types of 

NDs. The size result is the average of six consecutive measurements with a standard 

deviation (STD) of ~3-4 nm. All samples, except Ch-St, demonstrate a high zeta potential, in 

correspondence with the high colloidal stability of these samples. Both positive and negative 

zeta potentials for the studied samples were observed. In principle, this can be important for 

adsorption of charged toxins by means of electrostatic interactions. The different zeta 

potential signs for the two groups of samples (Ch-St and I6) and (Kr and RUDDM) are 

caused by different types of the chemical groups at the surface of the particles. These 
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chemical groups originate from different stages of sample purification/modification and, 

possibly, due to residual metal ions that are incorporated to the particles during synthesis. In 

the present paper we do not proceed with a detailed discussion of the origin of the sign of 

zeta potentials of the samples. Nonetheless, it is worth mentioning that the modification [4]  

itself does not change the zeta potential sign; Ch-St, modified by the method in reference [4], 

demonstrates a zeta-potential of ~ +40 mV. It should be noted also that there is no correlation 

between aggregate size and zeta potential in the studied samples. 

 

Table 2.1. Agglomerate size (nm) and zeta potential (ZP, mV) for 0.1wt% ND suspensions 
in DI water. 

 
 

 

 

2.3.2 Titration of ND Suspensions 

Titration studies were carried out to determine the stability of ND suspensions at 

various pH levels. Due to the proposed end use of ND as gastrointestinal (GI) 

nanoenterosorbents, the selected pH range was broad enough to simulate conditions in cow 

GI tract.  It has been observed that zeta potential values vary depending on the starting point 

of the titration.  For the five samples under study the titration curves were first taken from 

ND (0.1 wt. %) ZP (mV) ZP STD Size (nm) 
 

Ch-I6 (I6) +46.8 0.9 185 
Ch-St +17.4 0.4 300 

Kr-Black -47 2.1 80 
Kr-Grey -44.7 0.6 397 

RUDDM 1 -49.3 1.9 75 
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initial pH to 1 and initial pH to 12 for 0.1 wt. % ND suspensions (two independent titrations). 

The initial pH values of these samples ranged within pH 5-6 (pH of the DI water was ~5.8).   

The titration curves of these samples are plotted in Figure 2.3.   

  

Figure 2.3. Zeta potential vs. pH for five NDs (0.1 wt. %). Titration was carried out starting 
at initial pH toward either pH 1 or pH 12 in each case.  
 

During this experiment it was observed that the stability over pH environments 

depends on the charge of the nanodiamond particle. Those nanodiamonds that were 

negatively charged showed a decrease in colloidal stability as pH approaches 1 (shown quite 

prominently for RUDDM 1). RUDDM 1, which under normal conditions was shown to be 

the most stable of the nanodiamond types, possesses an isoelectric point (point of least 

stability) at a pH of ~2.4, and noted to be the least stable of all negatively charged 

nanodiamonds.  For those samples that hold a positive charge, as pH was increased the 

stability was quickly diminished reaching an isoelectric point around a pH of 9.5 and 10.   
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This experiment suggested that Kr-Black was the most stable among the all nanodiamonds 

titrated.   

As previously mentioned, the shape of the titration curve and the stability of the  

colloid was influenced by the starting pH. Consequently, titration was performed to show the 

influence of the starting pH. Samples of Kr-Black and Kr-Grey were prepared at a 

concentration of 0.1 wt. %. These samples were then titrated over various ‘trajectories’ that 

included:  initial pH to 1, initial pH to 12, pH of 1 to 12, and a pH of 12 to 1. The results of 

this experiment are given in Figure 2.4. 

The outcome of the concentration verses zeta potential reported in Section 2.3.1 

allowed for further experimentation on concentration versus zeta potential under various pH. 

Full titration (taken from pH 1 to 12 and 12 to 1) was performed for the Kr-Black sample at 

0.1 wt. % and 0.01 wt. % (Figure 2.5). Similar to the data found in Section 2.3.1, the 

concentration does have a notable effect on the zeta potential. Wherein Figure 2.2 the zeta 

potential for positively charged I6 increased with deceasing concentration, the opposite held 

true for negatively charged Kr-Black; when concentration was decreased the absolute value 

of the zeta potential decreased. These experiments suggested that both the direction of the 

titration and the concentration of the sample have a great affect on zeta potential and, 

therefore, colloidal stability. 
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(a) 
 
 

 
 

(b) 
 

Figure 2.4. Effect of titration direction on zeta potential of Kr-Black (a) and Kr-Grey (b). 
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Figure 2.5. Titration curves for 0.1 and 0.01 wt% of Kr Black. 

 

2.3.3 Aflatoxin Adsorption by ND 

Polydispersed ND RUDDM and its two fractions with different particle sizes as well 

as the Ch-St and I6 samples were studied for Af adsorption. An aim of the experiments was 

to elucidate the role of the sign of the zeta potential (surface chemistry) and influence of 

particle size (surface area available for binding) on adsorption. Results of the experiments on 

sorption capacity of the ND samples defined by two independent methods (fluorescent 

spectroscopy and HPLC) are given in Table 2.2. Results of the two independent methods of 

measurements are consistent. 
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Table 2.2. Sorption capacity of AfB1 by different types of ND (mg of AfB1 per kg of ND). 

ND Fluorescence 
Spectroscopy 

HPLC 
method 

 
RUDDM 

 
45 

 
42.5 

RUDDM 1  55 75 
RUDDM 2  63 45 

Ch-St 132 112 
Ch-I6 123 106.25 

 

 

The NDs preserved colloidal stability in the presence of Af. A fast adsorption rate is 

essential for enterosorbents. In our experiments we studied both addition of ND hydrosols 

and dry powders to Af suspensions (details are not reported). The ability to use 

enterosorbents either as dried powders or hydrosols is important from a practical viewpoint. 

Using dried sorbents is most common because for some enterosorbents the presence of water 

in pores prevents Af penetration to the pores [7]. At the same, time dispersivity in water of 

the sorbents is higher.  

As follows, from Table 2.2, NDs with a positive zeta potential demonstrate higher 

adsorption toward Af as compared to a group of NDs with a negative surface charge in an 

aqueous media. In principle, Af has both positively and negatively charged groups within the 

molecule, thus, both types of NDs can electrostatically interact with Af. We can also 

preliminarily conclude that the size of ND aggregates within both groups of NDs does not 

play an essential role in the Af sorption capacity.  
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2.4  Conclusion 

Two groups of NDs with positive and negative zeta potentials in neutral media were 

selected and thoroughly characterized. Titration of the samples demonstrated that for some 

samples relatively high zeta potentials can be preserved over a wide pH range, indicating 

high colloidal stability in these conditions. Initial experiments on Af adsorption by NDs 

demonstrated their ability to adsorb Af. At the same time, NDs from different vendors 

processed and modified under different conditions demonstrated different sorption capacity 

toward Af. This suggests that ND surface chemistry can be modified in a controlled manner 

such that the Af sorption is increased.  
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Abstract 

Colloidal stability is one of the critical factors for the use of nanodiamonds as potential 

enterosorbents.  Although nanodiamonds are believed to be a promising enterosorbent, 

colloidal stability in hydrosols of raw polydispersed nanodiamonds produced by detonation is 

typically low.  Surface modification and fractionation significantly improves colloidal 

stability of nanodiamond suspensions within the physiological pH range.  The modification 

of nanodiamonds can be completed either by physical means, i.e., plasma treatments, or by 

chemical methods.  In the current paper an analysis of the colloidal stability of detonation 

nanodiamonds hydrosols, which have undergone different surface modifications, is presented 

based on zeta potential measurements and titration experiments. 

 

Keywords: Biomaterial; Nanoparticle; Nanodiamond; Surface Modification; Colloid 

Stability.  
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3.1     Introduction 

Nanodiamond (ND) research has extended into the biomedical field with recent in 

vitro and in vivo animal studies that demonstrate NDs are biocompatible and non-toxic [1-

10].  Recent in vitro studies demonstrated the absence of cytotoxicity in ND particles [6-9], 

suggesting the use of NDs as biolabels and drug delivery vehicles [6-11].  In vivo studies 

included oral, subcutaneous, intramuscular and intravenous administration of sterile 

detonation ND (DND) hydrosols [1-5].  No significant weight changes, reproduction 

problems (over 5 generations) or deaths were observed as a result of substituting DND 

hydrosols (0.002-0.5 wt. %) for water in the ration of white mice [2].  Such encouraging 

results allow for the expansion of DNDs into biomedical applications, one possible use is in 

the area of enterosorbents [1, 12, 13]. Enterosorbents are compounds that bind toxins in the 

gastrointestinal (GI) tract thereby neutralizing the effect of these toxins.  Our preliminary 

studies, using DNDs in enterosorbent applications, focused on the binding of aflatoxin B1 

[12, 13], one of the low molecular weight products of mold growth.  Aflatoxins, produced by 

certain strains of Aspergillus flavus and Aspergillus parasiticus, are known to cause hepato- 

and pneumo- carcinogenicity [14, 15], suppression of the immune system, and aflatoxicosis 

when consumed by humans or animals [16].   

Neutralization of these toxins requires an effective enterosorbent that possesses 

properties of biocompatibility, chemical inertness (chemically non-toxic), high dispersivity 

during ingestion, and high selectivity toward the toxin to avoid adsorption of essential 

nutrients and vitamins [14].  Nanodiamonds possess chemically inert cores, very high surface 
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areas (300-400 m2/g for DND), a wide variety of surface groups, and facile surface 

functionalization.  Based on these properties, it has been suggested that DNDs can be tailored 

to a specific surface structure to promote toxin binding, making them an attractive candidate 

for enterosorbent applications [1, 12, 13].  Although DNDs are attractive for this particular 

biomedical use, detonation synthesis of NDs followed by ND purification from soot produces 

a rather heterogeneous material with various cluster sizes and surface chemistries.  While the 

sizes of primary DND particles are typically 4-5 nm, with a narrow size distribution, during 

synthesis and purification DND primary particles form tightly and loosely bound aggregates 

with average sizes up to several hundred nanometers [17, 18].  In addition, NDs, as received 

from vendors, exhibit insufficient colloidal stability [19] such that the particles in suspension 

do not have the ability to resist flocculation or aggregation over an extended period of time 

(e.g. several months).  To achieve stability, sufficient repulsive forces must exist between the 

particles while in a suspension.  Therefore, to obtain a stable suspension from commercial 

DNDs, further aggregate size reduction and surface modification to increase repulsive forces 

between nanoparticles must take place.  Reduction of the average aggregate size in a 

suspension can be achieved, for example, through beads milling [20], sonication and 

fractionation using centrifugation [19].  Greater repulsive forces between particles can be 

accomplished through surface modification methods such as atmospheric plasma treatment 

[21], gas-phase treatment [22], or wet chemistry reactions [23].  Additional removal of non-

diamond carbon also improves colloidal stability of DND [19]. 
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In the current study, the colloidal stability of hydrosols of DNDs that have undergone 

different surface modifications has been analyzed.  Several methods of DND modification 

have been used, including atmospheric plasma treatments in nitrogen or oxygen plasmas, 

treatment with NaCl [24,25] and additional purification using ion-exchange resins [26].  All 

of these modification methods posses unique features.  Technologically simple atmospheric 

pressure plasma allows for nanoparticle functionalization to be performed within minutes, 

and in gram quantities, while avoiding costly vacuum conditions [21].  Oxygen and nitrogen 

based plasma treatments were performed based on the consideration that oxygen and nitrogen 

containing surface groups typically facilitate colloidal stability.  The attractive feature of the 

NaCl-treatment method of ND modification [24, 25] is the ability to dry NDs from a 

hydrosol to powder form and subsequently re-suspend them in liquid without agglomeration.  

Modification of the ND surface based on sonication of DND in a NaCl solution [24, 25] 

results in purification of the NDs and possibly incorporation of Na+ ions onto the ND surface.  

The treatment of DNDs with ion-exchange resins (deionization) [26] removes metal 

contaminates, which significantly increases DND surface charge.  Since surface charge can 

be evaluated through zeta potential values of the colloids, stability was evaluated based on 

data collected from zeta potential measurements. Suspensions of the modified DNDs were 

titrated to examine their behavior over various pH environments.  The chosen pH range was 

wide enough to simulate conditions in the GI tract (2-8 pH range).  
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3.2     Experimental Details 

3.2.1 Types of Nanodiamonds (NDs) 

 The NDs used in this work, so called detonation NDs, were synthesized by the 

detonation of a mixture of trinitrotoluene (TNT) and 1,3,5-trinitro-1,3,5-s-triazine (RDX).  A 

process of ND purification from detonation soot is typically performed using liquid or gas-

phase oxidizers.  Purposes of this procedure include the oxidation of the largest bulk of non-

diamond carbon and reduction of the metallic impurity content.  Further processing, 

tentatively called modification, can still be aimed at the reduction of non-diamond carbon 

content, but mostly provides deliberate changes to the composition and content of ND 

surface groups.  The types of NDs used in our experiments are summarized in Table 3.1.  

 
Table 3.1. Processing (type of oxidation from soot, modification, fractionation) and 
properties of the studied detonation NDs.  Zeta potential (ZP, mV), and average unimodal 
intensity-based diameter (nm) of ND particles in aqueous suspension are provided.  
 

ND, 0.1wt% ZP, mV Size, nm Processing 
 

Ch-st 17.4±0.4 300 
 

CrO3 in H2SO4 
 Ch-st F1 44.7±0.5 101 CrO3 in H2SO4; NaCl; FC*

 Ch-st F2 37±0.4 225 CrO3 in H2SO4; NaCl; FC 
 Ch-st F3 33.2±0.2 1380 CrO3 in H2SO4; NaCl; FC 

Ch-F6 (Ch-I6) 
 

46.8±0.9 
 

185 
 

CrO3 in H2SO4; NaOH+H2O2; ion-
exchange resin; FC 

Ch-F6-O2 plasma 44.6±1.18 157 Ch-F6 treated in O2 plasma 
Ch-F6-N2 plasma 52.2±0.3 157 Ch-F6 treated in N2 plasma 

Kr Black -47±2.1 80 O2 in the presence of  B2O3; NaCl; FC
Kr Grey -45.5±0.6 397 O2 in the presence of  B2O3; NaCl; FC

RUDDM 1 -49.3±1.9 75 Singlet O in NaOH; HNO3; NaCl; FC
 

Table abbreviations: *FC – fractionated by centrifugation 
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  In the study, the sample Ch-st purchased from “New Technologies”, Chelyabinsk, 

Russia, was obtained by the detonation explosion of a mixture TNT/RDX in ice cooling 

media, followed by a soot purification process using a mixture of sulfuric acid with chromic 

anhydride, washed with water, and dried.  It contains up to 1.6 wt. % of incombustible 

impurities. Further modification of the Ch-st sample was performed at the vendor’s site.  

Specifically, the sample Ch-st was purified from metal impurities by boiling in a NaOH/H2O2 

mixture, washing in deionized (DI) water, treating with ion-exchange resins and fractioning 

by centrifugation.  This modified sample is called Ch-F6 in the experiments below.  The 

incombustible impurity content in this sample is 0.6 wt. %.  The modified samples Ch-st F1, 

Ch-st F2 and Ch-st F3 were obtained by sonication-assisted treatment of Ch-st in a NaCl 

solution [24, 25], washed with DI water and fractionated by centrifugation.  NDs Kr-Black 

and Kr-Gray were produced at the Krasnoyarsk Research Center, Russia by explosion of 

TNT/RDX in a CO2 atmosphere followed by soot oxidation by high temperature treatment in 

air in the presence of B2O3.  The DND sample was then modified by sonication-assisted 

treatment in a NaCl solution [24, 25], washed with DI water and fractionated by 

centrifugation to obtain the Kr-Black and Kr-Gray fractions of NDs.   Sample RUDDM1 was 

obtained from Real-Dzerzinsk, LTD, Russia.  The purification from soot included treatment 

with singlet atomic oxygen in the base environment, followed by treatment in nitric acid.  

This product was also modified according to the method in [24, 25], then fractionated and 

dried.  
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 The average primary particle size is 4 nm for the Ch-st and Ch-F-series samples and 

3.5 nm for the Kr-series samples.  The average aggregate sizes of the samples after 

sonication assisted dispersion in water as measured using dynamic light scattering technique 

are provided in Table 3.1.   

 

3.2.2 ND Hydrosol Preparation 

Water suspensions were prepared using DI water at a pH of 5.8 and water resistivity 

of 18 MΩ·cm.  ND suspensions were made at various concentrations and then sonicated with 

a Cole-Parmer 750-Watt ultrasonic homogenizer EW-04711-60 with a tapered titanium horn 

tip having a 3 mm diameter.  The tip was placed directly into the polypropylene centrifuge 

tubes containing the sample suspension.  Sonication of the samples was carried out over 

various times (listed below) with an output power of 10 W and output intensity of 100 

W/cm2.  The as prepared ND colloids had a pH ranging from 5 to 6.  

 

3.2.3 Atmospheric Plasma Treatment 

 In addition to the ND types listed above, Ch-F6 ND was plasma treated using an 

oxygen atmospheric plasma to generate ozone-related reactive species, for 3, 5, 15 and 30 

minutes or with a nitrogen plasma treatment for 5, 15 and 30 minutes.   Plasma treatments 

were conducted using the atmospheric pressure glow discharge plasma (APGDP) system, 

developed at the International Technology Center [21].  At the beginning of the treatment 

Ch-F6 ND powder was placed on the bottom electrode.  The top electrode operated under  
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short positive pulses throughout the treatment, where the bottom electrode was held at 

ground.  During the course of treatment the powder separated and stuck to the top and bottom 

electrodes.  The powder collected from both electrodes was kept separate for further analysis.  

These samples were then labeled “top-electrode” and “bottom-electrode” as is indicated in 

the following sections.  The treated NDs were then suspended at a 0.1 wt. % concentration 

using previously described techniques.  

 

3.2.4 Characterization of ND Surface Groups 

FTIR analysis of the composition of the surface groups for selected ND samples, 

specifically for samples with positive zeta potentials, was performed using a Shimadzu 

FTIR-8300 spectrometer.  It is known [27] that peaks attributed to OH stretching and 

bending vibrations of adsorbed water obscure signatures of other moieties.  Thus, in addition 

to the spectra taken in the air environment, the raw material Ch-st and two its modifications, 

ND Ch-F6 and Ch-st F1, were analyzed using a vacuum IR cuvette to avoid strong 

absorbance of adsorbed water.  A 25 mg ND sample was mixed with 800 mg of KBr powder 

and pressed into plates 0.5-0.7 mm thick with pressures up to 150 kg/cm2.  The tablets were 

placed in an IR vacuum cell and heated at different temperatures below 100°C under vacuum 

(1×10-2 torr) for 3 hours to remove traces of water.  Following this procedure, FTIR spectra 

were recorded without exposing the samples to air to avoid the influence of atmospheric 

water on the spectra.  
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3.2.5 Particle Size and Zeta Potential Measurements 

Particle size distributions (PSD) were determined with dynamic light scattering 

technique using the Beckman Coulter N5 submicron particle size analyzer and/or the 

ZetaSizer NanoZS, Malvern Instruments.  In general, samples of NDs were diluted by adding 

10 µL of the 0.1 wt. % ND suspensions to approximately 1 mL of DI water.  Unimodal 

intensity-based sizes (Z-average size in Malvern’s terminology) are reported in the present 

work.  Zeta potential measurements were conducted on the ZetaSizer instrument using 

approximately 2 mL of a 0.1 wt. % ND suspension.  The reported results for both the PSD 

and zeta potential are averaged over 3 measurements performed at 25 oC.   

 

3.2.6 Automatic Titration 

Titration experiments were conducted on an MPT-2 Multipurpose Titrator, Malvern 

Instruments, using 0.1 M HCl, and 0.1 M NaOH titrants (Fischer, USA).  ND samples for 

titration were prepared using the sonication method aforementioned where all samples had a 

concentration of 0.1 wt. %.  Titration was performed by examining a wide pH range and 

different directions of titration, from pH 12 to pH 1, and from pH 1 to pH 12.  Alternative 

titrations were also performed by gradually changing the original pH of the suspensions in DI 

water to a final pH 1 or pH 12. 
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3.3   Results and Discussion 

3.3.1 FTIR Studies 

Shown in Fig.1 are FTIR spectra taken in air and in vacuum of the original, raw ND 

powder, Ch-st, as well as samples Ch-st F1 and Ch-F6, which were additionally purified and 

modified according to the procedures described above (see also Table 3.1).  The samples 

demonstrated oxygen containing groups, represented by vibrations at specific frequencies: 

≥C-OH (3200-3600 cm-1 for νO-H in water, hydroxyl groups in carboxylic acid or alcohols), 

≥C-O-C≤ (ν 1100-1370 cm-1 for ethers, acid anhydrides, lactones, epoxy groups), >C=O 

group (1700-1865 cm-1 for ketones, carboxylic acids, acid anhydrides, esters and lactones).  

Aliphatic C-H stretching vibrations at 2800-3000 cm-1 are also present with significant 

abundance on the Ch-st and Ch-F6 sample.  It is important to note that adsorbed water 

provides strong absorption bands in the 3500-3300 (max 3420 cm-1 νOH) and 1620-1630 cm-1 

(bending mode) regions.  As can be seen from Fig.1 for the dehydrated samples, adsorbed 

water related peaks are strongly diminished and leave a low intensity broad band with a peak 

at 3258 cm-1 for Ch-F6 and peaks at 3229 cm-1 for Ch-st and Ch-st F1 samples, which can be 

attributed to hydroxyl groups in carboxylic acid species or tertiary alcohols.  The peak at 

1630 cm-1 also diminishes in the dehydrated sample but does not completely disappear even 

with heating at 200oC in vacuum (spectrum not shown).  This residual peak can be attributed 

to other functionalities on the carbon surface such as amide related bands as assigned by 

Jiang et al. [28] or stretching vibrations of aromatic C=C bonds, which are polarized by 

oxygen atoms bound near one of the C atoms [29].  The strong and acute peak at 1118.45  
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cm-1 of Ch-st may be connected with inorganic sulfate ions that originated from purification 

using sulfuric acid [30].  This peak disappears in the higher purity samples (Figure 3.1b and 

c).  A peak at 2086 cm-1 in the Ch-F6 sample can be tentatively attributed to ketenes [31].  

Small peaks at 2370 cm-1 originate from vibrations of CO2 adsorbed on the external cuvette 

walls. 

Peaks for oxygen-containing groups for Kr-Gray and Kr-Black samples taken in air 

(spectra not shown) are located at 3435, 1774, 1634, 1319 and 1240 cm-1.  The peak that can 

be related to the carbonyl group within carboxylic acid at 1774 cm-1 is well pronounced.  

Because spectra were taken in air, it is difficult to identify the origin of the 3435 cm-1 peak, 

which to a large extent can be due to adsorbed water.  It should be mentioned that FTIR 

spectra of DND fractions produced at FGP Altay, Biisk, Russia of similar sizes to the Ch-F6 

and Ch-st F1 samples were also taken in vacuum by Larionova et al. [32] using the same 

experimental set up as in the present study.  The samples from Altay have negative zeta 

potentials [32]. Their FTIR spectra taken in vacuum demonstrated apparent peaks at 3140 

cm-1 that are related to hydroxyl groups in carboxylic acid species (see Figure 3.1 in [32]), as 

opposed to the spectra of Ch-F6 and Ch-st F1 DND where a peak at 3200-3600 cm-1 region is 

weakly pronounced (Figure 3.1).  
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(a)                                             (b)                                             (c) 

Figure 3.1.  FTIR spectra of (a) Ch-st, (b) Ch-st F1, and (c) Ch-F6 ND samples under 
vacuum and ambient conditions.  Spectra were taken using ND-blended K-Br pellet followed 
by exposure to air (bottom figures) or treatment in IR cuvette under vacuum conditions at 
100°C to remove adsorbed water (top figures).  
 

3.3.2 Zeta Potential 

As previously mentioned colloidal stability can be measured quantitatively through 

the zeta potential. Suspensions that have a measured zeta potential above 30 mV or below -

30 mV are considered stable because these particles will presumably maintain their repulsive 

forces while dispersed [33].  

Preparation of ND colloids for detoxification purposes requires the development of 

precise protocols that will allow for highly reproducible zeta potential values. Factors that 

may influence the zeta potential are sonication and ND concentration. To examine the effect 

of sonication, 0.1 wt. % suspensions of Ch-F6 were prepared and sonicated for 0, 1, 2, 3, 5 



 
 

138 
 

 and 10 minutes.  The resulting data (not shown) revealed that there was little variation in the 

sonication time versus zeta potential.  Such results suggest that ‘typical’ sonication regimes 

do not alter the ND surface groups.  

The concentrations of the suspension and its effects on the zeta potential are also 

addressed in the present study using Ch-F6 suspensions.  The samples were prepared at 

concentrations of 0.2, 0.1, 0.063, 0.032, 0.0123 and 0.007 wt. %.  The result of this study, 

presented in Figure 3.2, indicated that as the sample was diluted a slight increase in zeta 

potential was observed. While a standard deviation of 5 mV in measuring zeta potentials is 

considered insignificant, the continuing trend during this experiment may indicate that the 

zeta potential is influenced by agglomeration.  Similar behavior was observed for other ND 

suspensions.   

For all DND types processed under different manufacturing methods, the zeta 

potential and agglomerate size were measured and compared (Table 3.1).  It is well known 

that primary DND particles are 4 to 5 nm in diameter [34]. However, during synthesis and 

purification from the soot, these 4-5 nm particles agglomerate. While DND agglomerates can 

be de-aggregated to primary particles using beads milling methods [20], DND agglomerates 

are the primary focus of the present study as for the potential use as enterosorbents.  The 

reason behind studying agglomerates is that once subjected to the GI tract, NDs will quickly 

form aggregates.  It is in this form that toxin adsorption will take place. 

The chosen concentration when measuring these samples was 0.1 wt. % as this is 

presumably the concentration that will be used in future animal trials.  All NDs, excluding 
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Ch-st, show high stability, relating to the high absolute zeta potential values (Table 3.1).  

Importantly, there are classes of NDs with positive and negative zeta potential values.  The 

type of charge the nanoparticles acquire in colloids becomes imperative in the development 

of enterosorbents.  Toxins may have localized charges in suspensions and, thereby, may be 

attracted to and adsorbed by Van der Waals or electrostatic interactions with the NDs.   

 

 
 
Figure 3.2.  Zeta potential (mV) shown as a function of concentration (wt. %) for Ch-F6 ND 
suspensions in water. 
 

The opposing zeta potentials for the ND samples under study are a consequence of 

various chemical surface groups.  The different groups, both acidic and basic, present on the 

surface of the NDs were formed during chemical treatment of the nanomaterial at the time of 

purification and/or modification.  NDs processed with soot oxidation using either bubbling  

with singlet oxygen (RUDDM) or air treated in a presence of a catalyst (Kr-series) have 

negative zeta potentials, while NDs oxidized from soot using a mixture of CrO3/H2SO4  (Ch-
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st) followed by oxidation and purification in a NaOH/H2O2 mixture (Ch-F6) have positive 

zeta potentials.  At the same time, oxidation of the Ch-st sample in air, [19] as opposed to the 

treatment in liquid oxidizers, results in a material with a high negative zeta potential, -45 mV.  

It is important to note that NaCl-based modification of the ND [24, 25] does not change the 

type of charge associated with the ND in suspension, but increases the absolute value of the 

zeta potential, thus making the colloid more stable; i.e., Ch-st converted to Ch-st F1 (Table 

3.1).  It should also be noted that while smaller fractions of Ch-st modified with NaCl 

treatment have higher zeta potentials (Table 3.1), fractions of Kr ND have similar zeta 

potentials for both 80 nm and 400 nm fractions. For all the ND suspensions prepared and 

sonicated under the conditions stated previously, reasonable reproducibility with regard to 

size and zeta potential measurements was observed.  

Thus, it might be suggested that some processes of oxidation of soot or further 

oxidation of ND containing non-diamond carbon, such as using singlet oxygen in liquid 

media or oxygen or ozone [35] in a gas phase, results in rather deep oxidation with 

predominant carboxylic acid groups on the ND surface.  When the ND is dispersed in DI 

water, dissociated acidic groups cause a negative charge on the ND surface.  As illustrated in 

the previous section, the amount of carboxylic acid species on the surface of dehydrated ND 

with negative or positive zeta potentials causes the major dissimilarity in FTIR spectra for 

these groups of NDs.  

Revealing the origin of the positive zeta potentials of NDs is more complicated.  

Previously, it was thought that positive charges on ND surfaces can be attributed to 
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protonation of amino groups on the ND surfaces of NDs in acidic media [30].  The spectra 

[30] were taken in air, so the signatures attributed to amines could originate from the 

presence of adsorbed water.  However, FTIR spectra taken in a vacuum cuvette, in the 

present study, revealed a negligible amount of amino groups on the surface of Ch-series NDs 

with positive zeta potentials (Figure 3.1).  For confirmation, FTIR spectra of aminated Ch-F6 

taken in vacuum produced a very pronounced peak at 3420 cm-1 clearly related to amines 

[36].  At the same time, the amount of alcohol groups that might be also responsible for 

positive zeta potentials is also small.  From numerous studies of the nature of oxygen-

containing groups on the surface of carbons [29, 37] two families of surface groups had been 

identified relative to their acidic or basic characteristics in aqueous solutions.  Carboxyl 

groups, lactones, phenol and lactol groups contribute to the acidic character of carbon 

materials.  Several models of basic oxygen-containing functionalities are still being debated, 

including chromene structures, diketone or quinone groups, pyrone-like groups and 

electrostatic interaction of protons with the π-electron system of the graphene structures [29, 

37].  Quantum chemical calculations on a large series of polycyclic pyrone-like model 

compounds demonstrated high relevance of the model to carbon basicity [37, 38].  Pyrone-

like structures are combinations of non-neighboring carbonyl and ether oxygen atoms at the 

edges of a graphene layer.  Signatures for both ketone and ether groups are present in FTIR 

spectra of ND (Figure 3.1) (peaks in the 1100-1370 cm-1 region are related to ethers and  

peaks in the 1700-1865 cm-1 region are related to ketones).  The underlying reason for the 

basicity of pyrone-like structures is the stabilization of the protonated form via the electronic 
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π-conjugation throughout the sp2 skeleton [38].  In principle, this model of the basicity of 

carbon surface attributed to pyrone-like structures can be adapted to nanodiamonds with 

positive zeta potentials.  It is known that a sp2-like carbon shell might be present at the 

surface of the ND as well as graphitization of (111) surfaces, which can take place on the 

surface of nanodiamond [39], providing a π-conjugated system.  HRTEM images (not 

shown) revealed the presence of sp2 carbon on the surface of the Ch-F6 sample, similar to 

typical HRTEM images of DND [34]. In principle, one of the possible assignments of the 

peak at 1630 cm-1 can be related to stretching vibrations of aromatic C=C bonds, which are 

polarized by oxygen atoms bound near one of the C atoms [29].  The presence of sp2- and 

sp3-type oxygen had been also observed in FTIR spectra, making the presence of pyrone-like 

structures plausible at the nanodiamond surface.  

 

3.3.3 Plasma Treated Samples 

Two sets of measurements were conducted with plasma treated samples to examine 

the effects of a gas generating the plasma and duration of a treatment on DND agglomerate 

size and zeta potential. Each plasma treated sample was sonicated at 1.5 minutes before 

measuring its properties.  First, influence of plasma treatment on PSD of DND was 

examined.  The results of the measurements clearly indicate that the plasma treatment 

decreased the size of the ND particles by approximately 10-20 % (Figure 3.3).  

The most prominent de-agglomeration after plasma treatment was observed in the 

nitrogen 5-minute-bottom-electrode (~15 %) and nitrogen 15-minute-top-electrode samples 
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(~17 %).  Observations specify that the duration of treatment influences the particle size.  It 

appeared that shorter treatment times, in almost all cases (except nitrogen 15-minute-top-

electrode samples), produced smaller sized particles than longer treatment times.  It is 

hypothesized that longer treatment times can cause condensation reactions to take place, 

thereby increasing the agglomerate sizes from the initial smaller particles formed by 

preliminary mechanical means within the plasma.  

 
 
Figure 3.3.  Particle size (nm) of 0.1 wt. % Ch-F6 ND samples vs. various reaction times 
(min) of  plasma treatment in oxygen and nitrogen.  Samples on both top and bottom 
electrodes were collected for measurement and labeled as “Top Electrode” and “Bottom 
Electrode,” respectively. Particle sizes of plasma treated NDs are smaller compared to that of 
the untreated Ch-F6 ND. 
 
 

Zeta potentials were also measured for each of these plasma treated Ch-F6 colloids.  

The zeta potential of the Ch-F6 control, as discussed earlier, is approximately 47 mV.  In all  

cases, (except bottom-electrode samples treated for 5 and 15 minutes) zeta potential values of 

plasma treated samples were in less contrast with the control sample (Figure 3.4).  The 

decrease in zeta potential of the oxygen plasma treated samples was expected given that the 
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oxygen containing groups originated from oxidation with gas-phase oxygen causing a 

negatively charged local area decreasing overall positive zeta potential.  From the present 

results, it can be concluded that ND de-agglomeration during plasma treatment can be 

optimized.  Additionally, treatment in oxygen plasma should be considered best only for 

negatively charged NDs.  Such reasoning stems from the fact that the oxygen groups will 

increase the negativity of the already negative surface and, thereby, increase the repulsion 

and stability of the ND colloid.  

 
 
Figure 3.4.  Zeta potential (mV) values of 0.1 wt. % Ch-F6 ND vs. various reaction times 
(min) of plasma treatment in oxygen and nitrogen.  Samples on both top and bottom 
electrodes were collected for measurement and labeled as “Top Electrode” and “Bottom 
Electrode,” respectively. Oxygen plasma treated NDs exhibit less positive zeta potential 
values compared to the untreated Ch-F6 ND.  
 

3.3.4 Titration 

All previous samples, up to this point, had zeta potential measurements taken only at 

their natural pH.  Therefore, titration studies were performed to assess the stability of ND 

suspensions over a broad pH range.  The range chosen was wide enough to simulate the 
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physiological pH in the GI tract of a cow.  It is important to note that titration results are 

influenced by the starting pH of the suspension because zeta potentials depend on the ionic 

strength.  When the concentration of the counter ions is increased the electrical double layer, 

which forms the slip plane for zeta potential readings, is compressed and thereby creates an 

increase in the potential gradient.  Consequently, the direction of titration is important.  To 

evaluate all conditions, titration was read from a pH of 1 to 12, pH 12 to 1, and two 

independent titrations from initial (or natural pH) to pH 1 or initial to pH 12.  The initial pH 

values of all eight colloids were within a pH of 5 to 6, where the pH of DI water is 

approximately 5.8. 

Titration experiments were conducted with eight ND suspensions of 0.1 wt. % 

concentration.  Titration curves of all eight samples from their initial pH to the pH 

corresponding to highly acidic and highly basic systems are illustrated in Figure 3.5a and 

Figure 3.5b.  

Data collected showed the colloid’s stability over the pH range depends on the nature 

and charge of the ND particle.  NDs that carry a positive charge have surfaces most likely 

enhanced with pyrone-like groups, because FTIR spectra indicated a negligible amount of 

amino groups that are typically considered to be responsible for positive zeta potentials [30].   

These include the entire Ch-st series and Ch-F6.  It was reported that pKa for pyrone-

like groups on carbon surfaces can span within a wide pH range, depending on the number of 

carbon rings and the placement of sp2- and sp3-type oxygen [37, 38], with a shift to higher 

pKa as the number of carbon rings increases.   
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(a) 

 
(b) 

 
Figure 3.5.  Titration curves of (a) positive and (b) negative ND samples illustrating zeta 
potential (mV) under various pH conditions.  Samples were titrated from initial pH values 
(ranging from 5-6) to pH 1 and, in a separate measurement, samples were titrated from initial 
pH to pH 12. 

 



 
 

147 
 

In the case of the Ch-st and Ch-F6 NDs, as the pH approached the pKa of the groups, 

the colloid stability quickly decreased until it reached the isoelectric point; the point at which 

no charge was associated with the particle.  For these samples, the isoelectric point was 

reached around pH 9.5 to 10.  Negative charges on NDs RUDDM1, Kr-Gray, and Kr-Black 

NDs arise primarily from the carboxyl groups on their surface.  When the pH of these 

suspensions fell below the pKa value of the carboxyl group, a decrease in colloidal stability 

was observed.  In this group of negatively charged NDs, only the RUDDM1 sample had an 

observed isoelectric point, which was at pH 2.4.  Among all studied samples in both the 

positive and negative zeta potential groups, Kr-Black was shown to have the highest stability 

where precipitation was not observed for an extended period of time, with Kr-Gray only 

having a slightly lower stability.   

As mentioned previously, zeta potentials are influenced by the ionic strength.  To 

illustrate how titration was influenced by the starting pH of the suspension, 0.1 wt. % Kr-

Black and Kr-Gray were also titrated from pH 1 to 12 and pH 12 to 1.  These in combination 

with related curves in Figure 3.5b are shown in Figure 3.6.  In addition, Figure 3.7 illustrates 

the dependence of zeta potential on the direction of titration for a more dilute Kr-Black 

sample, with concentration 0.01 wt. %. 

 From Figure 3.6 and Figure 3.7 it can be concluded that the direction of titration can 

significantly influence the stability of the system (absolute value of the zeta potential).  

Titration from the initial pH in DI water toward low or high pH corresponds to the system 

with the highest stability, or the most negative zeta potential.   
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(a) 

 

 
(b) 

 
Figure 3.6.  Influences of starting pH and direction of titration on ND zeta potential for (a) 
Kr-Black and (b) Kr-Gray colloids.  Samples were titrated from initial pH values (ranging 
from 5-6) to pH 1, initial pH to pH 12, pH 1 to pH 12 and pH 12 to pH 1 (four separate 
experiments).   
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It was also shown that the least stable systems begin at a highly acidic region 

followed by the addition of NaOH to achieve a final pH of 12 (Figures 3.6 and 3.7).  Path 

dependence effects observed on both ND samples indicate irreversible agglomeration at low 

pH regimes, as can be seen from the less negative zeta potentials.  Once agglomerates were 

formed, raising the pH did not return the zeta potentials to their previous values, suggesting 

the Kr class NDs should never be preserved in very low pH solutions.  Titration curves for 

the suspensions starting from basic regions and moving toward acidic regions have stabilities 

that fall between the previously described curves.  An interpretation of above results can be 

made in the context of pKa.  There is no dissociation of carboxylic acid groups at a pH lower 

than the related pKa for the groups, the charge density is low and repulsive forces between 

NDs are very small leading to irreversible agglomeration.  An increase of pH, and the 

possibility of dissociation of the carboxylic groups on a surface of large agglomerates, does 

not improve the stability significantly because agglomerates are too large to form colloidal 

suspensions. 

In contrast, starting titration from a high pH, much higher than pKa value for 

carboxylic acid, promotes dissociation of the carboxylic acid groups.  Thus, colloidal 

stability of the initial suspensions is high (Figure 3.6 and 3.7).  Suspension stability remains 

high almost through the entire titration region and theoretically begins to decrease when the  

pKa is approached. 

Also noticed, there is no significant difference in titration curves for titration 

directions from pH 1 to pH 12 (and vice versa) between Kr-Black and Kr-Gray samples 
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(Figure 3.6 a and b), which are fractions separated from the same modified polydispersed 

DND and, correspondingly, demonstrate average aggregate sizes of 80 nm and 400 nm.  At 

the same time, the absolute zeta potential value is 5-10 mV higher for the smallest fraction 

(Kr-Black) over the entire pH range during titration experiments beginning at a natural pH 

and moving towards basic or acidic regions (Figure 3.6).  Although the Kr-Gray sample has a 

high zeta potential in water suspensions, its resistance to sedimentation is low due to the 

large average aggregate size.  

Previously, it was discussed that concentration has some influence on zeta potential 

values of DND dispersed in DI water (Figure 3.2).  The influence of concentration on 

titration experiments was studied using 0.01 wt. % and 0.1 wt. % suspensions of Kr-Black 

samples.  Results collected from experiments with different titration directions are shown in 

Figure 3.7.  The titration curves, like the previous study, also exhibit path dependent effects.  

Figure 3.7 demonstrates that concentrations over various pH values have a significant effect 

on the zeta potential, thus suggesting that concentration has a substantial effect on colloidal 

stability.  

Additional experiments were conducted to evaluate the influence of incubation time 

for various pH points along the titration curve.  In this experiment, Ch-F6 was prepared to a 

0.1 wt. % concentration and titrated along the four path directions previously indicated.  

While titration occurred, ND suspensions were taken to a specific pH along their path then 

held at this concentration for two days.  After this time, the suspension was taken from the 

new pH value to another specified pH along the path where it was again left untouched for 
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two days.  The process was repeated until the final pH value was reached.  Zeta potential 

measurements were taken both before and after the two day incubation period.  The pH 

values at which two days of incubation was performed were 12, 8, 4, and 1 for the acidic-to-

basic and basic-to-acidic titration directions.  For the path direction from natural pH to acidic, 

the pH points for incubation were 5, 3 and 1.  Finally, for the titration direction going from 

the initial pH to a pH of 12, the suspension was incubated at pH values 6, 8 and 12.  No 

significant difference was observed between the two day incubation time and the autotitration 

results collected within several hours on the Zetasizer.  

 
 
Figure 3.7.  Zeta potential (mV) vs. pH for Kr-Black suspensions of 0.1 wt. % and 0.01 wt. 
% under four different titration directions (initial pH to pH 1, initial pH to 12; pH 12 to pH 1, 
and pH 1 to pH 12). 
 



 
 

152 
 

3.4.     Conclusion 

Results of the studies have several important practical implications.  First, it was 

shown that commercial DNDs can be modified to form stable colloidal suspensions without 

aggregating and sedimenting for prolonged periods of time.  To achieve these goals, DND 

particles in suspensions must have high zeta potentials and relatively small sizes (< ~100 nm 

in diameter).  Centrifugal fractionation can be used to obtain suspensions of small DND 

sizes.  To increase the zeta potential, DND samples should be separated from metal and 

amorphous carbon impurities and their surfaces should be enriched with surface groups that 

readily dissociate in water.  

Studies of the particle size distribution respective to zeta potentials of surface-

modified DNDs also suggest procedures to prepare stable DND colloids.  It was 

demonstrated that commercial DNDs of low colloidal stability (e.g. Ch-st sample) can be 

further treated to result in stable hydrosols (Ch-F6 and Ch-st F1), in which the origin of the  

positive zeta potential has been attributed to the presence of pyrone-like structures.  It was 

also demonstrated that DND treatment in atmospheric pressure plasma can result in a 20 % 

decrease of the average aggregate size.  

Finally, for DND applications as enterosorbents, the present titration studies prove 

that the modified DNDs (both with negative and positive zeta potentials in DI water) 

preserve colloidal stability over the physiologically important pH range (2-8 pH).  
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Abstract 

Nanodiamonds (NDs) with modified surface functional groups and surface 

characteristics are an attractive model to understand adsorption mechanisms of molecules 

and on substrates. The research described in this paper illustrates the binding mechanisms of 

fluorescent dyes to ND surfaces as these interactions are extremely useful in many 

biomedical ND applications. A thorough study of binding and release mechanisms was 

completed using an assortment of carbon based nanoparticles, including NDs, onion-like 

carbon, and single-wall nanohorns. Surface charge interactions were studied in combination 

with surface areas, configurations, and modifications in order to determine which is 

responsible for the largest adsorption capacity and strongest binding. Adsorption studies were 

carried out using UV-Vis measurements followed by maximum binding capacity 

determination using the Langmuir isotherm and related transform equations. Langmuir and 

transform calculations further reveal the specific surface area covered by adsorbents for 

select nanocarbon materials. In addition, cyclic voltammetry measurements confirm that dye 

adsorbed onto NDs exhibit equal electrochemical properties as in its unbound state.   
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4.1    Introduction 

Nanodiamonds (NDs) have received heightened attention in nanotechnology and 

biomedicine as a result of their nontoxicity [1-5], chemical inertness, biocompatibility [6-9], 

and biological stability. Detonation NDs possess high specific surface areas (typically 300-

400 m2/g) that can readily be functionalized with a broad range of surface groups to enhance 

binding selectivity toward target chemicals.  Proven to be absent of cytotoxicity [7-9], NDs 

can be used in a variety of applications, including as carriers for active molecules [10], drug 

delivery agents [7-9, 11], biosensors [12], and more recently enterosorbent applications for 

toxin deactivation [13, 14].  Each stated application requires attachment of a biological 

molecule to the ND during the course of utilization.  Consequently, conjugation of 

biomolecules to NDs is an essential step in forming successful ND-biomolecule complexes.   

The different surface properties of NDs make them good models for understanding 

adsorption mechanisms of molecules on a substrate. Binding mechanisms of fluorescent dyes 

to ND surfaces is illustrated in the following research as this assembly is extremely useful in 

many ND applications. Initial experiments use propidium iodide (PI), a nucleic acid stain and 

the target molecule; given that it’s positive charge [15] clearly displays electrostatic 

interactions with NDs. Through the process of adhering PI onto the ND surface a drug 

delivery vehicle is simulated that could lead to the development of an adsorbent that releases 

a molecule when inside the targeted cells. In the case of PI, successful delivery can be 

observed through DNA coloration [16, 17] as a biolabeling application.  
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Here we report a study of binding and release mechanisms that were accomplished 

through surveying a wide variety of carbon based nanoparticles. These nanoparticles 

included nanodiamonds, onion-like carbon and single-wall nanohorns. Interactions between 

the dye and substrate were studied based on surface areas, surface charge, configurations and 

additional ND treatments (modification) with the goal of determining which factor is 

responsible for the adsorption capacity and binding. To examine electrostatic interactions, the 

research also incorporates the negatively charged fluorescent adsorbates pyranine (PY) and 

2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS). Experiments were conducted 

using UV-Vis measurements followed by maximum binding capacity determination using the 

Langmuir isotherm and four different transform equations. Cyclic voltammetry (CV) 

measurements were also completed to further validate the adsorption results of the UV-Vis 

spectroscopy. Both methods reveal the critical role of surface charges and the effects of the 

functional groups in adsorption mechanisms, and confirm that fast and effective adsorption 

of target molecules can be achieved with appropriate selection of the nanocarbon substrate.    

 

4.2   Experimental Details 

The nanocarbons (NCs) explored in this paper can be categorized into (a) 

nanodiamonds, (b) onion-like carbon (OLC) and (c) single wall nanohorns (SWNH). Table 

4.1 lists the NC materials and their processing methods. Complete details of the processing 

and hydrosol preparations are given in references [14] and [18]. Zeta potential (ZP) and size 

measurements were completed with colloid concentrations of 0.1 wt. % in deionized (DI) 
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water [14]. The OLC sample was obtained from the Institute of Catalysis, Novosibirsk, 

Russia. Single wall nanohorns (SWNHs) were purchased from Nanocraft, Inc., Renton, WA.  

Table 4.1. Nanocarbons used in adsorption experiments with general processing methods 
and resulting diameter size measurements (nm) and zeta potentials (ZP, mV).  
 

ND, 0.1wt% ZP, mV Size, d.nm Processing 
Ch-F6 (I6) 46.8 ±0.90 185 CrO3in H2SO4; NaOH+H2O2; ion-

exchange resin; FC* 
 

RDDM1 -46.1 ±0.14 176 Graphite precursors; FC 

RDDM 2 -35.1 ±0.61 232 Graphite precursors; FC 
RDDM 3 -33.8 ±0.73 370 Graphite precursors; FC 
RUDDM -44.1 ±0.66 260 Singlet O in NaOH; HNO3; 

RUDDM 1 -49.3 ±1.90 75 Singlet O in NaOH; HNO3; NaCl; 
FC 

 

OLC Db2 47.1 ±0.65 189 Ch-F6 heat treated at 1600 K 
SWNH 13.9 ±0.15 4305 Nanocraft, Inc. Renton, WA 

       *FC: Fractionation by centrifugation 

 
The initial PI experiments used dye concentrations of 0.01 and 0.03 wt. % in DI water 

for the preliminary detection of dye adsorption. To 0.7 mL of PI suspension, 0.3 mL of NC 

solution (0.5 wt. %) was added and incubated over 30 minutes while shaking. Centrifugation 

was used to collect the supernatant, which was read on the UV-Vis Lambda 35, Perkin 

Elmer.  RUDDM 1 showed high adsorption of PI and was further investigated over several 

additional PI concentrations in efforts to construct the Langmuir isotherm. (Note: PI is a 

potential carcinogen and mutagen; hence careful methods should be taken to dispose of the 

material [15]).  
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The Langmuir isotherm was obtained using PI concentration from 0.0025 wt. % up to 

a 0.07 wt. % in DI water, where adsorption was read in the same manner mentioned above.  

Adsorption percentages were converted to capacities (μg PI/mg sorbent) and plotted against 

the calculated PI equilibrium (μg PI/mL sorbent). Separate transform calculations (i.e., 

Eadie-Hofstee, Lineweaver-Burk, Reciprocal Line, and Scratchard) were employed to give 

rise to additional information such as the maximum capacity of the sorbent and its binding 

constants. PY and ABTS dyes were both tested on Ch-F6 and RUDDM 1 NDs to determine 

their adsorption. However, due to the different absorption coefficients of the dyes, PY was 

observed from 0.00125 to 0.03 wt.% and ABTS was observed from 0.00025 to 0.0025 wt. %.   

The specific surface area (surface area per gram) covered by adsorbates was 

calculated by taking into account the maximum capacity and estimated cross-sectional area 

of the molecule. The “planar” cross-sectional area of each dye was determined by first 

relaxing the molecule using the PM6 semi-empirical electronic structure method as 

implemented in MOPAC [19]. The Connolly surface of the relaxed structure was then 

generated using the Visual Molecular Dynamics code [20] with a probe size of 1.5 Å. The 

image was then output to ImageJ where a measurement of 87.7 Å2 was calculated for PY 

[18].  The cross-sectional value for PI was 128.7 Å2. The Langmuir results were compared to  

BET experiments, which measured the true specific surface area by nitrogen adsorption at 77 

K (Quadrasorb from Quantachrome).  

Cyclic voltammetry (CV) was performed on a Faraday MP potentiostat (Obbligato 

Objectives Inc.). The electrochemical cell consisted of a working electrode constructed of 
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NDs (0.5 wt. %) coated onto a fluorine doped tin oxide (FTO) electrode, a platinum counter 

electrode and a silver/silver chlorine (Ag/AgCl) reference electrode. The working electrode 

was pretreated in nitrogen and oxygen plasma for 3 minutes before coating with NDs. The 

electrolyte for Ch-F6 experiments was phosphate buffered saline (PBS) that contained ABTS 

concentration at 0.002 mg/mL.  Repeated scanning took place at a scan rate of 50 mV/s for 

30 minutes to observe time-dependent adsorption of the dye. After scanning the samples 

were removed, rinsed thoroughly in DI water and rescanned in PBS solution to observe 

adsorbed dye.   

 

4.3   Results and Discussions 

Several NCs were studied to gain complete knowledge of surface charge, particle 

size, configuration, and sp2 versus sp3 hybridized surface influences. Size measurements 

indicated that processing methods can largely affect the aggregate size of ND particles. The 

creation of NDs via detonation results in primary particle sizes of 4-5 nm that quickly 

agglomerate during synthesis and purification from the detonation soot. While it is possible 

to reduce ND sizes back to the initial 4-5 nm it is found unnecessary in the current 

applications as ND suspensions will immediately return to the aggregated state when 

 introduced inside the body due to the pH change and naturally occurring salts (though some 

NDs indicate high stability at the bodily pH [14]). As indicated, the surface of NDs can be 

either positively or negatively charged depending on the manufacturing and treatment 

processes. Zeta potential (ZP) values show that modification does not change the type of 
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charge, but instead changes the degree of the charge, i.e., to increase or decrease the 

positivity of an already positively charged ND.  Additionally, particle size is not the sole 

influence on ZP, however, within each ND type decreasing size does cause some increase in 

ZP values (as seen with RUDDM and RDDM class NDs). 

Each modification method led to considerable differences in adsorption capacities for 

each NC type.  Experiments show that positively charged NDs do not adsorb the positively 

charged PI molecule. This is true of Ch-F6 and all its modified counterparts, i.e., those 

treated in oxygen and nitrogen plasma or coated in a positive or negative silane (not shown). 

The exceptions to these were positively charged SWNH and OLC, which both showed small 

amounts of PI adsorption, likely due to the internal cavity of the horn and the graphitic nature 

of the OLC sample. Conversely, all negatively charged NDs showed at least some adsorption 

of PI (Figure 4.1). The relationship between ZP and the amount of PI adsorbed was not 

strong between ND types, leading to the understanding conclusion that the processing 

methods, and thus surface chemistries, significantly influence adsorption. However, NDs 

processed under the same methods with differences in only size fractionation, and as a result 

ZP differences, show a correlation of increased PI adsorption with decreased size and 

increased ZP. Such a case can be seen in RUDDM and RDDM subclasses.  

Construction of the Langmuir isotherm and its related transforms were completed by 

measuring adsorption of RUDDM 1, one of the largest adsorbers of PI, over an extensive 

range of concentrations.  The Langmuir curve reached a plateau once saturation of the 

available binding sites was reached (Figure 4.2). RUDDM 1 reached a maximum at 
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concentrations of PI equaling ~130 µg/mL. Initially, adsorption capacities appear to be        

85 µg/mg of ND based on the Langmuir isotherm.  

 
Figure 4.1. Nanocarbon substrates illustrating adsorption capacities (μg/mg) of 0.01 wt. % 
and 0.03 wt. % propidium iodide (PI) in DI water. 
 

In contrast to the typical Langmuir curve, the plateau does not remain but instead falls 

over a given range of PI concentrations. This occurrence has been described by the concept 

[21] that dye micelles form and have a greater affinity to the dye that the ND substrate. The 

secondary increase reveals the conflicting nature of the PI to complete the first adsorption 

layer. Certain dyes and detergents have exhibited this presence based on surface impurities 

on the substrate and micelle formation of the molecule to be adsorbed [21].  

Calculations for maximum capacity, Qmax, and binding constants, Kd, were completed 

by using data only up to the maximum point, as points included beyond this caused deviation 
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from linearity in the transform construction. The transform calculations gave maximum 

capacity values nearly twice higher than seen on the isotherm (Table 4.2). However, 

RUDDM 1 showed a relatively low binding constant, which may leave it susceptible to 

greater desorption under the influence of environmental stimuli, i.e., pH and salts, a property 

that could be advantageous if controllability in releasing the substance can be preformed.  

 

Figure 4.2. Langmuir isotherm for RUDDM 1 on propidium iodide (PI) adsorption. 

Table 4.2. Maximum capacity and binding constants of RUDDM 1 based on four Langmuir 
transform equations.  
 

RUDDM 1 

Transforms Qmax (μg/mg) Kd (mg/μg) 
Eadie- Hofstee 143.63 0.011989 

Lineweaver-Burk 172.41 0.009195 
Reciprocal Langmuir 136.99 0.012992 
Scratchard Transform 149.99 0.011200 
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PY and ABTS dyes, both negative in nature, were used to illustrate charge 

interactions with ND substrates, particularly those possessing a positive ZP. Ch-F6 was used  

to construct the Langmuir isotherm (Figure 4.3) and its transforms. RUDDM 1 samples, 

previously tested in PI experiments, were also observed for interactions with PY and ABTS. 

As expected, RUDDM 1 did not adsorb any of the negatively charged dyes. Observations 

made from the Langmuir isotherm showed a plateau effect at much lower adsorption values 

than that of PI and negatively charged NDs. PY dye may also have the ability to form 

micelles at larger concentrations, as seen by the dip in the last point. Transform calculations 

confirmed the lower maximum capacity of the Ch-F6 ND (Table 4.3).  

CV experiments were performed to assess the electrochemical properties of the bound 

dye molecule. ABTS alone showed good reversibility and consistent peak placement over 

many cycles, allowing for simplicity in testing and continuous scanning cycles.  ABTS 

paired with Ch-F6 showed an intensified signal (Figure 4.5) as compared to ABTS without 

ND. Preliminary experiments, not shown, also show increased signal due to adsorption of PI 

on RUDDM 1. Furthermore, both Ch-F6 and RUDDM1 are electrochemically inert during 

CV measurements so their signals can be neglected. Ch-F6 attracts ABTS dye and showed an 

increased signal over several cycles, then reached a saturation point after 30 minutes of 

reaction. Upon thoroughly washing the ABTS-ND complex with DI water, a CV signal was 

still observed, signifying that Ch-F6 does in fact strongly bind ABTS dye as indicated by 

UV-Vis experiments. Furthermore, bound dye remains electrochemically active, suggesting 

that NDs can physically bind to molecules without affecting their electrochemical properties.  
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 (a) 

  
(b)  

Figure 4.3.  Ch-F6 ND illustrating the adsorption isotherm of pyranine, PY, (a) and ABTS 
(b) dyes. 
 
Table 4.3. Langmuir transform equations showing differences in maximum capacities (Qmax) 
and binding constants (Kd) of Ch-F6 ND based on pyranine and ABTS dyes.  
 

 Pyranine ABTS 

Transforms 
Qmax 

(μg/mg)
Kd 

(mg/μg)
Qmax 

(μg/mg) 
Kd 

(mg/μg) 
Eadie-Hofstee 35.13 0.3044 8.96 11.11 

Lineweaver Burk 36.63 0.2877 8.70 11.39 
Reciprocal Langmuir 40.65 0.1821 8.91 12.20 
Scratchard Transform 35.66 0.2931 8.97 11.09 
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(a)                                        (b) 

Figure 4.4. Propidium iodide (a) and Pyranine (b) structures illustrating the top-down view 
of each molecule used to estimate the cross-sectional area. 
 

 

Figure 4.5. Cyclic Voltammetry results showing dye adsorption indicated by a signal 
increase over 30 min for ABTS on Ch-F6. 
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4.4    Conclusions 

While NDs appear to be good adsorbers for many molecules the choice of ND 

substrate is critical in gaining high degrees of adsorption. Experimental assay has confirmed 

that electrostatic interactions play a large role in adsorption characteristics of each ND. 

Beyond charge, functional groups of the ND and binding partialities based on packing 

arrangements of each dye molecule determine how much of each substance is capable of 

being adsorbed. Negatively charged ND, e.g. RUDDM 1, was shown to effectively adsorb 

positively charged propidium iodide with reasonable capacities based on Langmuir 

calculations. Ch-F6, a positively charged ND, was shown to adsorb negatively charged 

ABTS and pyranine. However, the large differences in maximum capacities and binding 

constants of the dyes are possibly due to different preferential binding sites of each dye on 

the ND surfaces. Furthermore, specific surface areas covered by the dyes show complicated 

packing arrangements and preferential binding sites of PY and PI on the ND surfaces. 

Although dyes show a different preferential position, CV experiments provide a direct proof 

of dye adsorption and show that the bound dye remains electrochemically active. 
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Abstract 
 

Binding constants, loading capacities and rates were determined for propidium iodide 

(PI) interacting with several types of nanodiamonds (NDs), nanometer-scale onion-like 

carbon (OLC), single-wall nanohorns (SWNHs), and activated charcoal. Adsorption and 

desorption was characterized using ultraviolet-visible spectroscopy followed by binding 

capacity determination using Langmuir isotherms and transforms. Langmuir and transform 

calculations further allowed for estimates of the specific surface areas covered by the 

adsorbate for select nanocarbon materials. All NDs with a negative zeta potential were found 

to adsorb PI, while the type of surface functionalization greatly influenced the degree and 

capacity of the PI adsorbed. Ozone-purified NDs had the highest capacity for PI adsorption, 

due to its greater density of oxygen containing groups, i.e. acid anhydrides and carboxyls, as 

assessed by TDMS and TOF-SIMS.  However, the binding strengths of all NDs studied was 

low, which allowed for desorption of PI at increased dye concentrations attributable to 

micelle formation of PI. SWNHs and OLC were found to adsorb PI regardless of their zeta 
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potential; this is likely due to π bonding between the aromatic rings of PI and the graphitic 

surface of the materials and the internal cavity of the horns. Preliminary studies indicate that 

the adsorption of PI can be reversed under the influence of salt solutions.   

 

5.1  Introduction 

Nanodiamonds (NDs) have recently attracted tremendous attention in the fields of 

nanotechnology and biomedicine due to their biocompatibility [1-4], nontoxicity [5-14], 

chemical inertness and environmental stability.  NDs, which have high specific surface areas 

(SSAs) (typically 300-400 m2/g for NDs produced by detonation synthesis), can be easily 

functionalized with a variety of surface groups to enhance binding selectivity toward target 

molecules.  Because NDs are absent of cytotoxicity, as established from in vitro studies [10-

13], possible applications include carriers for active molecules [15-16], drug delivery agents 

[10-13, 17], biosensors [18-20], and more recently enterosorbents [5, 21-23] for toxin 

binding.  Biomolecules attached to NDs have included proteins, such as obelin [24], 

cytochrome c [25] and glycoproteins, ovalbumin and fetuin [26], as well as DNA [16, 17, 27, 

28] and fluorescent dyes [17, 29]. Conjugation of biomolecules to NDs was shown to take 

place via chemisorptions [29, 30] or physisorption [25] for a variety of applications [31].  

Conjugation of molecules to NDs is a critical step in the development of successful 

nanobiotechnology applications. NDs are complex in the fact that they possess many 

different types of surface groups. Dissociation of these groups in solution produces strong 

electrostatic potentials, which can dominate the adsorption process.  To evaluate electrostatic 
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interactions of NDs’ propidium iodide (PI) was chosen as a charged molecule model. PI was 

selected as it is a well characterized dye, used widely in the field of microbiology to indentify 

dead cells [28, 32, 33]. PI carries a strong positive charge, which prevents it from penetrating 

the membrane of live cells [34]. 

To fully understand PI adsorption we explore mechanisms beyond electrostatic 

interactions. A thorough study was completed to investigate the effect of graphitized 

surfaces, surface areas, surface configurations and surface modification methods. This was 

accomplished by using several types of NDs, each processed under different manufacturing 

techniques and modifications, and various graphitic carbon nanostructures, these included 

nanometer-scale onion-like carbon (OLC), nanometer-scale single wall nanohorns (SWNH) 

and activated charcoal.  

Adsorption and desorption studies were characterized using ultraviolet-visible (UV-

Vis) spectroscopy followed by development of the Langmuir isotherms and related transform 

calculations to determine the substrate which provides the largest adsorption capacity, 

strongest binding and greatest control in releasing PI. Maximum capacities obtained from 

transform calculations further allowed for estimates of the specific surface area (SSA) 

covered by the adsorbate for select NDs. Surface characterization using TDMS and TOF-

SIMS were also completed to help determine surface groups responsible for PI adsorption.  
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5.2 Experimental Details 

5.2.1 Types of Carbon Species 

 An extensive selection of carbon species were used to understand the effects of 

surface charge, particle size, surface configuration and sp2 versus sp3 surface hybridization 

on PI binding. The complete list of species is given in Table 5.1.  Four classes of carbon 

species were used: (a) nanodiamonds, (b) OLC nanoparticles, (c) SWNHs and (d) activated 

charcoal.  NDs, the prime focus of this paper, were further subdivided into two classes, those 

carrying a positive charge and those carrying a negative charge, which depends on 

manufacturing and treatment processes. For these NDs the role of particle size and surface 

treatment was also explored.  OLC, obtained by annealing NDs, were classified based on 

annealing temperature and initial type of ND used. Both factors also affect the dispersivity in 

water and the amount of sp2 coverage on the sorbent.  

 Nanodiamonds. NDs were produced through detonation using a mixture of 

trinitrotoluene (TNT) and 1,3,5-trinitro-1,3,5-s-triazine (RDX), which results in “detonation 

nanodiamonds” (DNDs). DNDs were purified from non-diamond carbon in the soot using 

liquid or gas phase oxidizers.  With purification, the removal of metallic impurities and 

oxidation of non-diamond carbon was achieved.  Additional processing methods were used 

to further reduce the non-diamond carbon content and provide intentional modifications to 

the ND’s surface group content and composition.  The sample ND+180 (“New 

Technologies,” Chelyabinsk, Russia) served as the standard positively charged ND.  The 

material contained an incombustible impurity content of 0.6 wt. %.  Details of the detonation, 
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purification, and modification process were recently reported [23]. Several negatively 

charged NDs were used, these included nanodiamonds processed under wet-phase (NDW-) 

and gas-phase (NDG-) techniques. NDW- (Real-Dzerzinsk, LTD, Russia) was purified from 

soot using singlet oxygen in NaOH and HNO3 [22, 23, 35]. A portion of NDW- was treated in 

NaCl solution and size fractionated through centrifugation to achieve NDW-75.  NDG- 

(“New Technologies”) was purified by oxidizing soot with ozone at 200oC.  NDG- was also 

size fractionated by centrifugation to achieve NDG-80, which had a smaller, more uniform 

particle size.  

Table 5.1. Size (diameter for ND and OLC, nm), zeta potentials (ZP, mV) and processing 
methods of all nanocarbon aggregates used in the adsorption experiments.  
 

Nanocarbon ZP, 
mV 

Size, d.nm Processing 
 

ND+180 (Ch-F6) 46.8 ±0.9 185.59 ±0.25 CrO3 in H2SO4; NaOH+H2O2; 
ion-exchange resin; FC* 

  
NDW- (RUDDM) -44.1 ±0.7 260.1 ± 1.75 Singlet O in NaOH; HNO3; 

 
NDW-75 

 (RUDDM 1) 
-49.3 ±1.9 75.0 ± 0.35 Singlet O in NaOH; HNO3; 

NaCl; FC 
  

NDG- (ND-OZ) -48.5 ±0.2 139.2 ±0.59 Soot oxidized with Ozone 
  

NDG-80 (OZ-Bl) -51.2 ±0.5 80.5 ±0.99 Soot oxidized with Ozone; 
FC 

  
OLC  47.1 ±0.65 189.2 ±0.92 ND+180 heated in vacuum at 

1600 K 
  

 SWNH 13.9 ±0.15 4305.0 ±252 Nanocraft, Inc. Renton, WA 
 

Activated Charcoal  
 

0 
 

20/40 mesh Supelco Bellefonte, PA 
  

  FC*: Fractionation by Centrifugation  
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 Onion-like carbon, Single wall nanohorns and Activated Charcoal. The OLC 

sample Institute of Catalysis, Novosibirsk, Russia), produced by annealing ND+180 at a 

temperature of 1600 K, was chosen due to its superior colloidal stability based on a high zeta 

potential (ZP) and small size characteristics.  SWNHs (Nanocraft, Inc., Renton, WA.) and 

activated charcoal (Supelco Inc., 20/40 mesh size) were used as received.  

 

5.2.2 Hydrosol Preparation 

All ND suspensions were prepared using deionized (DI) water (pH = 5.8 and water 

resistivity = 18 MΩ·cm) followed by sonication with a Cole-Parmer 750-Watt ultrasonic 

homogenizer (EW-04711-60). Its tapered titanium horn (3 mm diameter) was directly 

immersed into the polypropylene centrifuge tubes containing the sample suspension. 

Sonication occurred for 2-4 min at an output power of 10 W and output intensity of 100 

W/cm2.  All solutions were prepared to a 0.1 wt. % concentration for ZP, size and pH 

measurements while a 0.5 wt. % concentration was prepared for adsorption measurements. 

The ND colloids had a natural pH ranging from 5 to 6, related to the 0.1 wt. % suspension 

concentration. OLC and SWNH suspensions were prepared in the same manner but with 

sonication times of 8-10 min. The natural pH of OLC was measured as 5.7; SWNHs were 

more acidic with a pH close to 4.6.   
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5.2.3 Particle Size and Zeta Potential Measurements 

Particle size was measured using the N5 submicron particle size analyzer (Beckman 

Coulter Inc.) and the ZetaSizer NanoZS (Malvern Instruments).  To prepare samples for 

particle size measurements, ND suspensions were diluted by adding approximately 10 µL of 

the concentrated suspension to 3 mL of DI water. Each sample was measured three times and 

the average particle sizes were calculated based on unimodal intensity. It is worth noting the 

ZetaSizer is able to measure particle sizes accurately without diluting the suspension below 

0.1 wt. %.  ZP measurements were completed solely on the ZetaSizer by using 0.1 wt. % ND 

suspensions that were transferred into specialized Malvern zeta cells.  Again, three 

measurements were taken at room temperature; averaged results are reported.   

 

5.2.4 Propidium Iodide Adsorption 

All Nanocarbon Types. Propidium iodide (PI) from Sigma Aldrich was dissolved in 

DI water to prepare a 0.07 wt. % stock solution. All ND adsorption experiments were carried 

out first by mixing the desired concentration of PI solution and a 0.5 wt. % ND suspension at 

a 7:3 volume ratio.  Initial adsorption experiments used final PI concentrations of 0.01 and 

0.03 wt. %. A ND suspension with 0 wt. % PI was used as the control sample. The mixtures 

were incubated on an orbital shaker at room temperature for 30 min followed by 

centrifugation (14,000 RPM, 25 min). The remaining PI in each supernatant was measured 

on a UV-Vis spectrophotometer (Lambda 35, Perkin Elmer). Due to ND’s very high colloidal 

stability, there is a remaining ND in the supernatant after centrifugation. To eliminate these 
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effects, the spectra of these residual NDs were subtracted from all ND-PI spectra that used PI 

concentrations below 0.015 wt. %. PI concentrations above this concentration caused 

complete coagulation of the residual NDs. The percentage of unbound PI was determined 

based on a PI standard absorption curve and this concentration was converted to ND 

adsorption capacity (µg PI/mg ND). Because SWNH and OLC samples do not form a pellet 

during centrifugation, microcentrifugal regenerated cellulose filters (Sigma-Aldrich, MWCO 

100 kDa) were used to separate nanocarbons from unbound PI. To reduce non-specific 

binding of PI on the cellulose membrane, all filters were washed with 0.04 wt. % PI and DI 

water twice before performing adsorption experiments. 

Activated Charcoal.  PI is an effective and widely used dye, but it also carries many 

harmful health hazards as it is a possible carcinogen and mutagen [36, 37]. For disposal, we 

compare NDs to traditional techniques which call for PI to be poured through activated 

charcoal and filter paper followed by incineration of the charcoal [37] or charcoal filters for 

simpler, faster methods of disposal [36]. To complete experiments activated charcoal (6 or 

3.5 mg) was added to 1 mL PI suspensions of 0.005 to 0.025 wt. % concentrations. 

Individual mixtures were vortexed for 1 min and then placed on the orbital shaker for 15 min, 

1 hr, 24 hrs, and 28 hrs. Control samples included PI concentrations in absence of activated 

charcoal. After incubation, charcoal was removed and the amount of unbound PI was 

measured spectroscopically.  
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5.2.5 Langmuir Isotherm 

Langmuir isotherms were constructed for the ND+180, NDW-75 and NDG-80 

samples by including an adsorption studies at several different PI concentrations ranging 

from 0.0025 to 0.07 wt. %. To obtain the Langmuir curve adsorption percentages were 

converted to capacities as micrograms of PI adsorbed per milligram of sorbent and plotted 

against the concentration of equilibrium PI (µg/mL). From this data the maximum capacity 

(Qmax) and the binding constants (Kd) of the sorbents were extracted by linear regression 

curve fitting using four transform equations: Eadie-Hofstee, Lineweaver-Burk, Reciprocal 

Line and Scratchard. 

 

5.2.6 Specific Surface Area 

SSAs (surface area per gram of ND) covered by PI were calculated based on Qmax, 

obtained through transform equations, and the cross sectional area of the adsorbed molecule 

(Å2).  The cross-sectional area of PI (128.7 Å2) was obtained on a PI molecule whose energy 

was previously minimized on MOPAC using the PM6 semi-empirical method [38]. The 

relaxed structure was added with the Connolly surface using a probe size of 1.5 Å on the 

Visual Molecular Dynamics program [39]. By outputting the image to ImageJ the cross-

sectional value was determined. Results based on the Langmuir model were compared to true 

SSAs measured by the Brunauer, Emmett and Teller (BET) method, which used nitrogen 

adsorption at 77 K (Quadrasorb from Quantachrome).  
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5.2.7 Propidium Iodide Desorption.  

Desorption studies were conducted to detect the controllability of releasing PI from 

the ND substrates.  ND+180, NDW-75 and NDG-80 pellets, saved from previous adsorption 

experiments, were used.  In the first stage individual pellets were redispersed into 1 mL of DI 

water followed by vortexing (2 min) and placing on an orbital shaker (20 min). Redispersed 

samples were then centrifuged (14,000 RPM, 25 min) and supernatants collected for UV-Vis 

detection. In the second stage redispersion occurred in 5 mg/mL NaCl solution or 5 mg/mL 

CaCl2 solution with all remaining steps the same. This stage was repeated a second time to 

have a total of 3 redispersion cycles for each ND sample. 

 

5.2.8 Surface Characterization 

Mass Spectroscopy. A portion (4.4 ±0.1 mg) of ND powder was placed into the Ni-

envelope (pre-cleaned ultrasonically in acetone and water and dried) and introduced in the 

high-temperature vacuum oven. The sample was then degassed under evacuation by ion 

pump for one day at room temperature. The residual pressure at the end of degassing was in 

the range of 10-7 Torr. TDMS analysis was performed by measuring the mass spectra of 

gases released from the sample under programmed heating with constant rate 10oC/min up to 

1100oC. Mass spectrometer was a quadrupole MX7304 with electron multiplier with mass 

range 10-120 amu (up to 700oC) and 2-50 amu (700-1150oC). MS scan rate was 1 min per 

scan (or 10oC per scan). The evolved gases were pumped permanently with the rate ~1l/s 

(relative to nitrogen). In this case the measured partial pressures of gases were proportional 
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to desorption rates at every moment. The total pressure in the vacuum chamber during 

heating was measured by ionization gauge. The obtained mass spectra were analyzed and 

handled to calculate the intensities of characteristic ion fragments at different temperatures, 

their temperature profiles, and the relative amounts of released species. 

In complementary analysis, TOF-SIMS was used. The instrument was equipped with 

a Bin
m+ (n = 1 - 5, m = 1, 2) liquid metal ion column. The analysis chamber pressure was 

maintained below 5.0 x 10-9 mbar to avoid surface contamination. The primary Bi+ ions had 

a kinetic energy of 25 keV and were contained within a ~10 μm diameter probe beam. For 

high mass resolution spectra, the Bi+ ion beam was rastered across a 500 x 500 μm2 area 

divided into 128 x 128 pixels. The electron flood gun was used to neutralize the charge 

accumulated on the sample surface while acquiring the spectrum. The total accumulated 

primary ion dose used to acquire spectra was less than 1 x 1012 ions/cm2, which is within the 

static SIMS regime. The secondary ions were extracted at 2 keV and mass analyzed using a 

TOF mass spectrometer.  Secondary ions were post accelerated to 10 keV prior to impacting 

the detector. At least three areas of each sample were analyzed. Positive secondary ion mass 

spectra are calibrated using H+, C+, CH+, CH2
+, CH3

+, C2H3
+, C2H5

+, C4H9
+  and negative 

spectra were calibrated using C-, O-, OH-,  and various Cn
- secondary ions.   Peak intensities 

were reproducible to within 10 % from scan to scan.  Mass resolution of ~5000 M/ΔM (50 

% valley definition) at m/z 29 was obtained throughout. Results from TOF-SIMS studies are 

described in the Supplementary Data. 
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5.3 Results and Discussion 

5.3.1 Size and Zeta Potential 

Particle size measurements showed that different processing and treatment methods 

had largely impacted the aggregate size of the NDs.  The size of the primary ND particles is 

known to be between 4 and 5 nm; however, the primary particles quickly aggregate during 

synthesis [40]. While beads milling could have been used to reduce the aggregate size back 

down to the primary size range [40], for the purposes of this research significant size 

reduction was not desired, since high colloidal stability of small NDs difficult to pellet.  PI 

additions at high concentrations to ND suspensions cause immediate and rapid precipitation; 

this may cause additional PI confinement within ND agglomerates.  Independent objectives 

were placed on revealing the possible role of pores within the aggregates of primary 

particles, as these pores may promote internal diffusion and trapping of PI molecules within 

the aggregates.  

ZP measurements indicated that the modification methods used did not alter the sign, 

but instead altered the magnitude of the charge.  The results also indicated that the influence 

of particle size on the ZP is insignificant.  When comparing the non-fractionated NDG- to 

NDW-75 it was shown that NDG- was nearly twice the size of NDW-75 (139 nm versus 75 

nm), however, the ZPs of these two samples were virtually the same (-49 mV). Such a result 

shows the importance of surface chemistry; NDG- has a greater density of negative surface 

groups which gives rise to higher ZPs. Nevertheless, NDs, processed under identical 
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conditions, can be manipulated to have slightly higher ZP values by decreasing size through 

fractionation by centrifugation (Figure 5.1).  

 

 
Figure 5.1. Adsorption capacities (μg/mg) of 0.01 wt. % and 0.03 wt. % PI in DI water on 
various nanocarbon substrates (1.5 mg/mL). 
 
 

5.3.2 Propidium Iodide Adsorption for All Samples at 0.01 % and 0.03 % PI 

Nanodiamond. The adsorption studies show drastic differences in adsorption 

capacities for each NC type (Figure 5.1).  More interestingly, NDs themselves show notable 

changes in their adsorption capacity depending on their modification method. The data 

indicates that positively charged NDs do not adsorb the PI, which is also positively charged 

in DI water (Figure 5.2a), due to electrostatic repulsion.  However, all negatively charged 

NDs showed adsorption of PI, though the amount each ND adsorbed was drastically different 

depending on the modification and treatment procedures. As an example, the adsorption 
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spectrum of NDW-75 is illustrated in Figure 5.2b. It was also concluded that ZP is not a 

direct indicator of adsorption capacities, as seen with NDW- and NDW-75. Both NDs had 

comparable ZPs but vary drastically in the amount of dye adsorbed. More examples of this 

face were provided in previous work [41]. It is understood that surface chemistry of the ND 

has the greatest influences on adsorption. However, adsorption capacity of NDs can be 

increased by using fractions of ND with smaller sizes, obtained, for example, by 

centrifugation. Using NDs with smaller average aggregate sizes resulted in increased ZPs and 

subsequently increased adsorption quantities. This result can be seen for both the NDW- and 

NDG- series (Figure 5.1). 

 SWNH and OLC. Positive ZPs exist for SWNHs (+14 mV) and OLC (+47 mV), yet 

unlike observations with positively charged NDs these carbon based particles show 

adsorption of PI, although the amount of adsorption is low.  Both samples adsorbed roughly 

equal amounts of PI, suggesting that adsorption extends beyond surface functional groups. 

Annealing ND+180 in vacuum at high temperatures generates the sp2 surface of the OLC 

derivative. The sp2 graphitic surface of the OLC and the SWNH has a greater, though not 

excellent, ability to adsorb the PI molecule likely due to π bonding between the aromatic 

rings of PI and the graphitic surface of the materials.  The SWNH also has an internal cavity 

accessible to PI, which allows entrapment of the molecule and contributes to its increased 

adsorption characteristics.  In each case defects or non-uniformities on the surface may also 

play a role in PI adsorption. 
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(a) 

 
(b) 

 
Figure 5.2. UV-Vis absorbance spectra of ND-PI supernatants after incubation and 
centrifugation as compared to the reference PI concentration (PI + water): ND+180 with 
0.009 wt. % PI (a) and NDW-75 with 0.01 wt. % PI (b).  
 
 

Activated Charcoal. Activated charcoal has been used as a PI adsorbent in disposal 

protocols [38, 39] and is therefore an important standard with which to compare the results of 

the other carbon structures in the present study.  It was found that the activated charcoal 

adsorbed PI at a much slower rate than NDs even though the charcoal concentration was 6 
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mg/mL as compared to 1.5 mg/mL of ND samples (Figure 5.3).  For activated charcoal, the 

amount of adsorbed PI linearly increased from 15 min incubation to 24 hr incubation, while 

for ND samples the adsorption reached 82 % in 30 min and only increased by 5 % at the end 

of the 24 hr period. Therefore, it was concluded that 30 min incubation times for all ND 

samples are sufficient.  

 
 

Figure 5.3. Total percentage of 0.005 wt. % PI adsorbed on activated charcoal (6 mg/mL) as 
compared to NDW-75, NDG- and NDG-80 (1.5 mg/mL) substrates during 0.25, 0.5, 1 and 24 
hour incubation times. 
 
 

In another experiment, the amount of activated charcoal was reduced by almost half 

(3.5 mg/mL) and results of the PI adsorption were compared to the previously used 6 mg/mL. 

The experiment was completed using 0.025 wt. % PI with incubation times of 15 min, 1 hr, 

24 hrs and 28 hrs.  The two samples performed similarly until 1 hr, after this time the 6 

mg/mL sample began adsorbing more PI than the 3 mg/mL sample. Remarkably, a noticeable 
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amount of adsorption was seen in the time interval between 24 and 28 hrs and was 

significantly higher for the higher concentration of charcoal.  Overall, the amount of PI 

adsorbed over 28 hrs was about 44 % for 6 mg/mL and 21 % for 3.5 mg/mL of activated 

charcoal. For both studies the total amount of PI adsorbed by activated charcoal, which had a 

SSA of 1040 m2/g, adsorbed far less PI than NDs, consequently, opening up new possible 

applications for NDs. 

 

5.3.3 Langmuir Studies 

Langmuir isotherms shapes for NDW-75, NDG- and NDG-80 (Figure 5.4) deviate 

from the typical isotherms demonstrating a plateau indicating saturation of the substrate’s 

adsorption sites.  In all cases, it was initially observed that as the amount of PI increased 

there still remained available active sites for other PI molecules to bind, denoted by the 

gradual slope early on in the curve. However, at higher concentrations of PI a turning point 

exists where some sites become free, corresponding to desorption of the dye (“valleys” on 

the curves, Figure 5.4). Such a phenomenon had been previously described by Giles [42], 

who attributed desorption of dye adsorbates to micelle formations, due to dyes having a 

stronger affinity for itself than to the adsorbing substrate. Concentrations of PI used in this 

experiment were very high making micelle formation plausible. However, detection of PI at 

their micelle formation is still needed.  The NDW-75 and NDG-80 samples with smaller sizes 

show a maximum adsorption or a turning point between adsorption and desorption at PI 

concentrations of nearly 150 µg/mL.  The NDG- curve shows a continuous increase that does 
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not reach a maximum until beyond 150 µg/mL.  NDG-’s aggregates, which are larger, may 

allow for diffusion of the dye into pores and, thus, it may be able to capture more dye before 

desorption at the surface begins.  

 
 

Figure 5.4. Langmuir Isotherm plot for adsorption PI to NDW-75, NDG- and NDG-80.  
 
 
 

As the concentration of PI is increased further a secondary increase of adsorbed PI is 

observed. Such behavior illustrates the conflicting ability for the material to complete the 

first monolayer, as the PI molecules are adsorbed, desorbed and reabsorbed onto the ND 

substrate. Giles’ theory [42] suggests that this pattern should continue if PI concentrations 

were further increased and furthermore states that the exhibited behavior, seen in certain dyes 

and detergents, may be caused by the presence of surface impurities.   
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The maximum capacity and binding constants of all three NDs were calculated using 

the four transforms listed in Section 5.2.5. Four transforms were selected as each shows 

different error sensitivities and have biases towards fitting data at low or high concentration 

ranges. Data beyond the PI concentration corresponding to the adsorption/desorption turning 

point were excluded because linearity must be achieved to calculate the maximum capacity 

and binding constants.  The transform calculations showed the highest capacity for NDG-80 

(~200 µg/mg) followed by NDW-75 (Table 5.2). As previously mentioned, both NDs have 

roughly the same aggregate size and ZPs in water. In order to understand 25 % difference in 

the sorption capacity, detailed surface characterization of the ND samples was performed 

(Section 5.3.6). Besides differences in types of surface groups, internal pores, which 

contribute to a larger surface-to-volume ratio may contribute to NDG-80’s higher maximum 

capacity. Therefore, we characterized pores size and total volumes with BET methods (Table 

5.3). As seen, NDG-80 has a larger average pore size and nearly double the pore volume than 

NDW-75, which helps explain the larger loading capacity.  

Despite differences in maximum capacities, the binding constant of both NDs were 

similar (Table 5.2). The weak binding of PI to the ND substrates is a reason for the observed 

desorption at higher PI concentrations on the isotherms. If the binding strength of the dye to 

the ND was increased the decrease from maximum could potentially be reduced or 

eliminated.  Interestingly, NDG-, which possessed the lowest maximum capacity, had the 

highest binding constant. Its smaller surface area, as a result of larger aggregate sizes, may 

heavily influence the lower capacity values.  
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Table 5.2. Transforms used in the calculation of maximum capacity and binding constant for 
PI on (a) NDW-75, (b) NDG- and (c) NDG-80.   

Transforms Max Capacity 
(µg/mg)

Kd 
(mg/µg)

r2 

Eadie-Hofstee 143.63 0.011989 0.9354 
Lineweaver-Burk 172.41 0.009195 0.9968 
Reciprocal Line 136.99 0.012992 0.9819 
Scratchard 149.99 0.011200 0.9354 
Average 150.76 0.011344 0.9624 

(a) 
 

Transforms Max Capacity 
(µg/mg)

Kd  
(mg/µg)

r2 

Eadie-Hofstee 136.59 0.026355 0.9208 
Lineweaver-Burk 135.14 0.026696 0.9981 
Reciprocal Line 140.85 0.024200 0.9689 
Scratchard 141.33 0.024300 0.9208 
Average 138.48 0.025388 0.9522 

(b) 
 

Transforms Max Capacity 
(µg/mg)

Kd  
(mg/µg)

r2 

Eadie-Hofstee 189.91 0.016324 0.9611 
Lineweaver-Burk 232.56 0.012349 0.9956 
Reciprocal Line 185.19 0.017159 0.9921 
Scratchard 194.05 0.015700 0.9611 
Average 200.43 0.015383 0.9775 

(c) 
 
Table 5.3. Comparisons of calculated SSAs, m2/g, covered by PI based on maximum 
capacity computations, in relationship to the true SSA, m2/g (BET). Average pore size, nm, 
and pore volume were also obtained through BET measurements.  
  
Nanodiamonds SSA from 

Langmuir* 
SSA from BET Average Pore Size 

(nm) 
Pore Volume 

(cc/g) 
NDW-75 174.72 319.5 6.52 0.599 
NDG- 160.49 244.9 12.3 0.868 
NDG-80 232.29 426.4 8.5 1.105  
     
*Calculations carried out using the following relationships:  
Specific Surface Area= (Qmax*NA*A)/MWPI 
NA: Avogadro’s number, A: cross-sectional area of the adsorbed molecule (Å2), MWPI: 
Molecular weight of the adsorbed molecule.  
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5.3.4 Specific Surface Areas 

SSAs covered by the dye reveal that NDG-80 had the largest SSA (Table 5.3) though 

NDG-80 and NDW-75 had similar aggregate sizes. As expected, comparisons between NDG- 

and NDG-80 indicate that as aggregate particle sizes decrease the SSA covered by PI 

increases.  Compared to the true SSA, found by BET measurements, the Langmuir results 

underestimate the area covered by PI as compared to the BET SSA by approximately 85 to 

195 m2/g. NDG-80 exhibited the highest areas covered by PI from the Langmuir calculations 

(174.7 m2/g) as well as SSA from BET measurements (426.4 m2/g), which follows the 

previous trend showing it also had the highest capacity. The lowest SSA came from NDG- 

due to its larger particle sizes. Discrepancies between the measured and calculated areas can 

be attributed to PI having preferred binding sites on each ND where once these sites are filled 

no more PI is adsorbed. Additionally, during adsorption PI may lay on the ND surface in 

preferred orientations that may not allow for ordered, high density packing of PI. 

Inaccuracies in the estimated size of the PI may also contribute to this error.  

 

5.3.5 Desorption Experiments 

The three ND samples used in the adsorption experiments were also examined for 

desorption of PI. NDG-80 and NDG- sample pellets showed no release of PI under the 

influence of water. NDW-75, however, showed approximately 5 % of the dye was removed 

with the addition of water (Figure 5.5). This result is explained by the weaker calculated 

binding constants of NDW-75 as compared to the ozonated samples.  
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Figure 5.5. Total percentage of PI released from ND substrates, NDW-75, NDG-80 and  
NDG-, during three centrifugation cycles in water (Ctg 1) followed by redispersion and 
centrifugation in NaCl or CaCl2 (Ctg 2 and 3).  
 
 

 

Samples under the influence of NaCl and CaCl2 all showed PI desorption. NDG-80 

pellets showed ~23 % of PI was released under the influence of NaCl and a 25 % release 

under the influence of CaCl2. NDG- showed slightly lower desorption rates at 19 % release 

with NaCl and 21 % with CaCl2, which is attributed to the somewhat higher binding 

constant.  For NDW-75 an additional 21 % with NaCl and 23 % with CaCl2 was released 

after the 5 % in water. NDW-75 samples in which water desorption was not first completed 

showed a 27 % PI release when introduced to NaCl and almost a 29 % PI release with CaCl2.  

In performing the experiments a second time it was seen the amount of PI released for all 
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samples was comparable to the first salt solution redispersion. The total amount of PI 

desorbed was 45 % and 49 % in NaCl and CaCl2 for NDG-80 and 33 % and 41 % in NaCl 

and CaCl2 for NDG- after all desorption rounds. For NDW-75 the total amount of PI released 

was 37 % and 40 % in NaCl and CaCl2, taking into account the 5 % washed out initially with 

DI water. NDG-80 exhibited the highest desorption rate due to the weak binding constant and 

higher density of surface charges, i.e., surface groups, which are effected by salt additions. 

Results also show that NaCl and CaCl2 are equally effective on removing PI from NDW-75, 

while CaCl2 removed more PI from NDG- and NDG-80 samples than NaCl indicating there 

exists negatively charged functional groups on the ozonated surface that preferentially bind 

to Ca2+.  

 

5.3.6 Surface Characterization 

Samples NDW-75 and NDG- have similar average aggregate sizes and negative zeta 

potentials similar in value. However, the NDG- sample possesses higher sorption capacity, 

which might originate from the difference in surface groups. It has previously been observed 

that NDG- is the most acidic of all currently known ND due to its larger concentration of 

oxygen containing groups originating from treatment in ozone [43, 44]. In the present work, 

mass spectroscopy techniques which both included TOF-SIMS and TDMS were used to 

reveal details of the surface groups on the ND samples. 

The main differences between NDG- and NDW-75 are the shape and intensities of 

TDMS profiles of H2O, CO CO2 and CxHy (spectra for CO and CO2 are shown in Figure 5.6). 
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The measured profiles allowed the estimation of the amounts of desorbed species calculated 

as the area under the curve. The total amount of CO+CO2 was highest for NDG- indicating 

surface oxidation was highest for this sample. The complex shape of CO2 and CO release 

curves indicates the presence of several types of C-O bonds on the ND surface giving rise to 

CO and CO2 evolution under heating at different temperatures. According to the published 

data on the thermal decomposition of oxygen containing species on the surface of diamond 

and carbon materials one can suggest the next simplified explanation of observed release 

pattern: Region 1 (below 400oC, CO2 only) – carboxyl groups; region 2 (500-600oC, 

CO2+CO) – carboxylic anhydride; region 3 (600-700oC) – lactone (CO2 release) and 

hydroxylic groups (CO release); region 4 (above 700oC, CO only) – ether and/or carbonyl 

groups. It was concluded that majority groups on NDG- are carboxylic acid anhydride species 

[43], while carboxylic groups prevail on the surface of NDW-75 sample. TOF-SIMS revealed 

presence of Na+ peak in sample NDW-75 (Supplementary Data Figure 1). The presence of 

Na originates from the treatment procedures on the ND, which used NaCl with a purpose of 

increased colloidal stability at the vendor site [22, 23]. The presence of positively charged Na 

ions on the ND surface can be one of the reasons of the lower adsorption capacity of this 

sample, since these sites became unavailable for PI adsorption.  

TOF-SIMS and TDMS were also performed for ND+180 ND with positive zeta 

potential (see Supplementary Data for results on TOF-SIMS). ND+180 has a much lower 

level of surface oxidation as compared to NDW-75 and NDG- (Figure 5.6) It’s concentration 

of carboxyl groups is very low, with the main oxygenated surface species belonging to 
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carbonyl groups. Additionally, ND+180 showed to have a large presence of hydrocarbon 

residues (Figure 5.2, Supplementary Data) probably due to ion exchange treatment, which is 

a part of the procedure at a vendor site. Their presence may also inhibit high adsorption 

capacities in cases where electrostatic charges are not the dominant mechanism of 

adsorption.  

 
 

Figure 5.6. TDMS profiles CO and CO2 desorbed from NDG-, ND+180 and NDW-75. 
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5.4 Conclusion 

Extensive studies on PI adsorption onto various ND substrates indicate that NDs with 

a negative ZP adsorb PI, while the type of surface functionalization greatly determines the 

degree and capacity of the PI adsorbed. By reducing surface area through size fractionation 

PI adsorption capacity on the ND can be further increased. Small-sized ozone-purified ND 

was shown to have the highest capacity for PI adsorption, although the binding strengths of 

all NDs studied were low. The Langmuir curves indicate a decrease of PI adsorption at 

increased PI concentrations that is likely caused by micelle formation of PI and subsequent 

desorption from the NDs.  It was also revealed that SWNHs and OLC adsorb PI regardless of 

their positive ZPs due possibly to the nanohorns’ internal cavities and π bonding between the 

aromatic rings of PI and the graphitic surface of the OLCs.  Activated charcoal, which also 

adsorbs PI, is shown to do so at a much lower rate and much higher concentrations than that 

needed for certain ND samples.  Calculations of SSAs covered by the adsorbate gave the 

same trends as BET measurements but at a reduced overall capacity. This discrepancy in 

capacity may be due to preferential binding sites for PI compared to the nitrogen used in the 

BET measurements, as well as uncertainties in the effective size of the PI used in calculating 

the SSAs.  Preliminary studies indicate that the adsorption of PI can be reversed under the 

influence of salt solutions. Lastly, surface characterization methods using TOF-SIMS and 

TDMS indicate a large presence of all oxygen containing groups, especially carboxyls (ND 

oxidized using atomic oxygen) and anhydrides (ND oxidized using ozone), on the negatively 
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charged NDs. The case of positively charged NDs is more complex showing an abundance of 

carbonyls and hydrocarbons.  
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Abstract 

 

Nanodiamonds (NDs) have desirable chemical, physical and biological properties that 

lend them to a wide range of applications. ND’s facile surface chemistry, for example, can be 

used to create a high affinity for adsorbing various biological molecules. However, NDs, 

which are commercially available from multiple vendors, show inconsistencies with surface 

groups, aggregate sizes and impurity contents that may limit adsorption. We explore 

adsorption mechanisms of molecules to NDs in efforts to expand ND applications to drug 

delivery agents, bio-labels and enterosorbents. In doing so, several types of NDs and 

modification methods are evaluated to increase adsorption capacity and selectivity of 

propidium iodide and aflatoxin B1. Capacities and binding strengths of target molecules are 

assessed by Langmuir isotherms and transform calculations. UV-Vis spectroscopy shows our 

modification treatments are successful in increasing ND adsorption capacities. Additionally, 

cyclic voltammetry measurements, used to monitor in-situ adsorption, show electrochemical 

detection even after binding 
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6.1 Introduction 
 

Detonation nanodiamonds (NDs) represent an emerging class of diamond material. 

The interest in NDs stems from their large specific surface areas (300-400 m2/g) and rich 

surface chemistry, which can be easily manipulated for specific applications. NDs have 

recently been shown to be biocompatible and noncytotoxic [1], opening up their applications 

to biology and medicine. Previously, NDs have been explored as carriers for active 

molecules and drug delivery agents [2]. Here, we explore adsorption mechanisms of 

molecules to the surface of NDs in an effort to develop new applications for NDs in drug 

delivery, bio-labeling and as enterosorbents.   

Propidium iodide (PI) was selected as a charged molecule model. PI is used widely in 

biology because its positive charge prevents penetration into positively charged cell 

membranes, so that only staining of dead cells is facilitated [3,4]. Because this dye has been 

extensively studied, we look to it for observing initial behaviors of positively charged 

molecules with ND aggregates. PI’s fluorescence is easy to detect with UV-Vis spectroscopy, 

meaning simple and time efficient measurements. Basic knowledge of electrostatic 

interactions between the molecule and NDs will allow for future development of NDs as drug 

delivery carriers and bio-labels.  

Aflatoxin B1 (AfB1), a carcinogenic and mutagenic product of mold growth found in 

crops and feedstuff [6], was selected as a neutral charged molecule model. Currently, 

hydrated sodium calcium aluminosilicate (HSCAS) clays are the most common 

enterosorbents for AfB1 adsorption [6]. However, these clays show nonspecific adsorption 
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that can lead to binding of essential nutrients [6] and may saturate the active binding sites for 

AfB1. Thus, there is a need to engineer an alternative substrate that will specifically bind 

AfB1. NDs are candidates for such substrates because of their high adsorption capacity, non-

toxicity and availability of a wide range of methods to modify its surface [2]. 

Both experiments use vendor supplied NDs, which show an inhomogeneity of surface 

groups, large aggregate sizes and the presence of impurities (e.g. non-diamond carbon and 

incombustible content) that may hinder adsorption. Thus, several modification techniques 

were explored to augment adsorption selectivity and capacity on several purchased NDs. To 

evaluate the success of these treatments, Langmuir isotherms and related transform 

calculations were used to analyze adsorption capacities and binding strengths. In addition, 

cyclic voltammetry (CV) methods were developed as a direct and in-situ monitoring tool for 

molecule adsorption. 

 

6.2 Experimental Details 
 
6.2.1 ND Preparation and Modification 

 
Vendor supplied NDs were suspended in water to a 0.1 wt. % solution and then 

ultrasonicated for 2-4 minutes [7]. Select NDs were also size fractionated by centrifugation 

(FC) to obtain the zeta potentials (ZPs) and aggregate sizes (Malvern ZetaSizer) listed in 

Table 1. The positivity charged modified standard ND (ND+Mst, New Technologies, 

Chelyabinsk, Russia), was further treated with plasma at the International Technology Center 

[8]. Separate ND+Mst samples were introduced to oxygen atmospheric pressure plasma to 
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generate ozone reactive species or treated with nitrogen plasma for 5 minutes [9]. Separate 

ND+Mst samples were silane coated using 50 μL of tetramethylorthosilicate (TMOS) or 100 

μL of N,N'-bis[(3trimethoxysilyl) propyl]-ethylenediamine (enTMOS) for every 5 mL of ND 

(0.7 wt. %).   

The negatively charged standard (ND-st) and its modified fraction (ND-Mst) were 

obtained from Real-Dzerzinsk, LTD, Russia [10]. ND-GP, (Real-Dzerzinsk) was produced by 

detonation of graphite precursors mixed with RDX and fractionated by centrifugation to 

several fractions (ND-GP 1, 2 and 3). Ozonated ND (ND-Oz, New Technologies) was created 

by treating detonation soot with ozone at 200 ˚C. ND-MOz, obtained through centrifugation, 

represents the smaller fractions of the ND-Oz sample.  AfB1 studies further fractionated 

ND+Mst and ND-Mst suspensions by centrifugation to obtain 40 nm sizes; these are termed 

ND+Mst40 and ND-Mst40. 

 
 
6.2.2 Propidium Iodide Studies 
 

Dye concentration from 25 to 700 μg/mL in DI water were mixed with 0.5 wt. % ND 

solution (7:3 ratio) and incubated for 30 min on a shaker before being centrifuged (25 

minutes, 14,000 RPM) [11,12]. Supernatants were analyzed on a UV-Vis spectrophotometer 

(Lambda 35, Perkin Elmer). The Langmuir isotherm was constructed for ND-MOz and 

transform calculations determined maximum capacities, Qmax, and binding strengths, Kd, of 

the sorbent.  
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CV measurements were performed using a Faraday MP potentiostat (Obbligato 

Objectives Inc.) using a scanning rate of 50 mV/s. The electrochemical cell consisted of a 

fluorine doped tin oxide (FTO) working electrode, a platinum counter electrode and an 

Ag/AgCl reference electrode. The FTO electrode was spin coated with 0.5 wt. % ND-Mst in 

methanol. A syringe pump continuously dropped the suspension onto the spinning electrode 

(3,000 RPM) at 200 μL/min. Once dried, PI solution (200 μg/mL) was left to sit on the 

electrode for five minutes before rinsing thoroughly in DI water and taking measurements in 

phosphate buffered saline solution. The irreversible electrochemical reaction of PI prevented 

multiple cycles or long scanning times on the same sample. Thus, adsorption with time was 

observed on separate samples for time periods ranging from five to 30 minutes in five minute 

intervals.  

 
 
6.2.3 Aflatoxin B1 Studies 

 
AfB1 powder (Sigma Aldrich) was dissolved in acetonitrile and then introduced to DI 

water to form a stock solution of 10 μg/mL. Adsorption experiments were carried out using 

ND+Mst40 and ND-Mst40 of 0.1 and 0.5 wt. %. AfB1 (8 μg/mL) and ND were mixed in a 

7:3 ratio and incubated on a shaker at 150 RPM followed by centrifugation at 15,000 RPM 

for 15 minutes. Incubation times of 5, 15, 30 minutes and 20 hours were used. The influence 

of salt was studied by adding 162 μL of NaCl or CaCl2 to samples before centrifugation. 

Salts were prepared in DI water at concentrations of 5, 16 and 33 μg/mL for NaCl and 5 and 

10 μg/mL for CaCl2.  
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ND+Mst and its 40 nm fraction were first surveyed for adsorption using 2 and 10 

μg/mL AfB1 concentrations and 30 minute incubation times. Immediately before 

centrifugation, 162 μL of NaCl (33 μg/mL) was added. AfB1 concentrations of 0.5-10 μg/mL 

were used to construct isotherms and determine capacities. 

 

 

6.3   Results & Discussion  
 
6.3.1 ND Modification  
 

Processing and modification methods can significantly influence aggregate sizes and 

ZPs (Table 1). ZP analysis indicates that positive and negative classes of NDs exist 

depending on manufacturing treatments. Modification by size reduction (sonication and 

fractionation), plasma treatments and silane coatings altered the magnitude of this charge but 

not the polarity. Similar results were found when applying a negatively charged TMOS 

coating to ND surfaces. TMOS and positively charged enTMOS, in the absence of NDs, 

carried very small ZPs in water, but a ND coating notably changed the ND’s ZPs. 

Electrostatic binding of TMOS to the ND increased ZPs and prevented any NDs from re-

aggregating after sonication. enTMOS coatings reduced aggregate sizes and ZPs. ND+Mst 

may have localized charges that attract enTMOS to some areas and repel it from positive 

sections, leading to a non-uniform coating on the ND surface.   

Plasma treatments also decrease aggregate sizes and influence ZPs. Nitrogen plasma 

increased the positivity and stability of ND suspensions.  In contrast, introducing oxygen 

species made the ND’s surface more negative, although the accompanied change in the ZP is 
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trivial. Studies reveal that ZPs are not solely affected by aggregate size, but more directly 

influenced by treatment type. However, if NDs are treated under the same methods ZPs can 

be improved by reducing particle size (ND-Mst and ND-GP classes). NDs were not reduced 

down to their primary particle size of 4 to 5 nm in efforts to examine the pores created by 

aggregates and if these openings play a role in increasing adsorption.    

 
Table 6.1. Size, zeta potentials (ZP) and processing methods of ND aggregates. 

ND, 0.1wt. % ZP, mV Size, nm Processing                                   
ND+st (Ch-st) 17.4  ±0.40 300 CrO3 in H2SO4
ND+Mst (Ch-F6) 46.8 ±0.90 185 ND+st with NaOH+H2O2; ion-

exchange resin; FC* 
ND+Mst40  50.1 ±0.90 40 ND+Mst; FC
ND+O2  
(Ch-F6-O2 plasma) 

44.6 ±1.18 157 ND+Mst treated in O2 plasma 

ND+N2  
(Ch-F6-N2 plasma) 

52.2 ±0.30 157 ND+Mst treated in N2 plasma 

ND+TMOS 52.8 ±1.09 132 ND+Mst coated with TMOS 
ND+enTMOS 38.3 ±0.18 148 ND+Mst coated with enTMOS 
ND-GP 1  -46.1 ±0.14 176 Graphite precursors; FC 
ND-GP 2 -35.1 ±0.61 232 Graphite precursors; FC 
ND-GP 3 -33.8 ±0.73 370 Graphite precursors; FC 
ND-st (RUDDM) -44.1 ±0.66 260 Singlet O in NaOH; HNO3;  
ND-Mst  
(RUDDM 1) 

-49.3 ±1.90 75 ND-st treated with NaCl; FC 

ND-Mst40  -53.3 ±1.30 40 ND-Mst; FC
ND-Oz (OZ-ND) -48.5 ±0.20 139 Soot oxidized with ozone 
ND-MOz (OZ-Bl) -51.2 ±0.50 80 ND-Oz; FC        

                   
*FC: Fractionated by centrifugation 
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6.3.2 Propidium Iodide Studies 
 

NDs explored for PI adsorption showed drastic differences in their capacities as a 

result of different treatment procedures (Table 2).  ND+Mst and its counterparts modified via 

plasma and silane did not adsorb any PI owing to the electrostatic repulsion between PI and 

the ND. All NDs with negative ZPs adsorbed PI to varying degrees. ND capacities are based 

on surface chemistry differences arising from various treatments; however, trends show 

capacities can be increased via size reduction and increased ZP (ND-st and ND-GP series). 

 
Table 6.2. Adsorption capacities (μg/mg) of PI on NDs (0.5 wt. %). 

 
PI 
Concentration 

ND-

st 
ND- 

Mst 
ND-

Oz 
ND-

MOz  
ND-

GP 3 
ND-

GP 2 
ND- 

GP 1 
ND+

Mst 
1 μg/mL  27.0 31.1 44.5 44.8 7.3 4.3 8.9 0 
3 μg/mL  34.3 78.6 84.1 100.6 23.1 28.3 35.5 0 

 
 

 PI adsorption to ND-MOz occurred until all the ND binding sites were filled, which 

is indicated by a plateau in the isotherm (Figure 1). Interestingly, as the concentration of PI 

increased desorption occurred due to PI having a greater affinity to itself than the ND. 

Transform calculations reveal relatively weak binding of PI to ND which may facilitate 

desorption (Table 3). This may be favorable for bio-labeling and drug delivery where the 

target molecule must be released from the ND substrate; with PI this can be triggered by 

introducing NaCl or CaCl2 [11]. Estimates also reveal ND-MOz’s high loading capacities for 

PI making it an optimal substrate for PI adsorption. Comparisons with other NDs suggest that 
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the greater density of oxygen containing groups on the surface of ND-MOz make it more 

preferential for binding PI. 

 

 
 

Figure 6.1. Langmuir Isotherm for PI on ND-MOz. 
 
 
 

Table 6.3. Transform calculations used to calculate maximum capacity, Qmax, and binding 
strengths, Kd, on ND-MOz. 

 
 
 
 
 
 
 
 
 

 
Detection methods discussed above measured unbound dye left in the supernatant. 

Thus, CV measurements were developed to directly observe dye adsorption via changes in 

current density before and after PI adsorption. Because measurements show ND-Mst is 
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Eadie-Hofstee 189.91 0.01632 0.9611 
Lineweaver-Burk 232.56 0.01235 0.9956 
Reciprocal Line 185.19 0.01716 0.9921 

Scratchard 194.05 0.01570 0.9611 
Average 200.43 0.01538 0.9775 
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electrochemically inert its signal can be neglected in the combined PI-ND-Mst system. As 

more PI was adsorbed onto the ND an increasing oxidation current was apparent (Figure 6.2). 

This current increase was observed within five minutes of adsorption and the point of 

saturation (~25 minutes). These intense signals remained after thoroughly washing in DI 

water, which signifies strong binding between PI and ND-Mst. CV measurements also 

showed that adsorbed dye remained electrochemically detectable; thus, the properties of PI 

are unaltered by physical binding.  

 
 

Figure 6.2. CV experiments show adsorption of PI on ND-Mst from 5 to 30 min reaction 
times. 
 
 
6.3.3 Aflatoxin B1 Studies  
 

Although ND+Mst40 showed only ~38 % adsorption of AfB1, adsorption begins 

immediately after introduction of the two materials (Figure 3).  ND’s maximum adsorption 

capability is reached within 5 minutes of incubation, whereas HSCAS clays require long 
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incubation times of several hours to bind AfB1 [13]. Introducing salt solutions to NDs does 

not significantly influence AfB1 adsorption independent of whether the solution is NaCl or 

CaCl2 (Figure 4). Both salts were successful in sedimenting small ND particles to aid in 

pellet formation during centrifugation. Without salt, pellet formation of small ND particles is 

nearly impossible, which complicates UV-Vis spectrums as background NDs remain in the 

supernatant.  

 
 

Figure 6.3.  AfB1 adsorption on ND+Mst40 showing the influence of incubation time. 
 

 

Aggregate sizes influence adsorption. For example, by decreasing particle size from 

the original ND+Mst (at ~185 nm) to 40 nm there is a 14 % increase in aflatoxin adsorbed. 

Therefore, the 40 nm NDs were used to construct the Langmuir isotherm (Figure 5). 

Transform calculations revealed that AfB1 capacity on both ND-Mst40 and ND+Mst40 are 

quite low (Table 4). However, the size reduction and ZP increase of ND-Mst40 showed 

improvement over previously reported ND-Mst that had a Qmax of 0.2536 μg/mg and binding 

constant of 0.2249 mg/μg [10]. ND+Mst40 adsorbed even greater amounts of AfB1 and had 
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stronger binding. AfB1’s slight negative charge may aid in minor electrostatic adsorption 

mechanisms.  

 
Figure 6.4. AfB1 adsorption on ND+Mst40 showing salt influences. 
 
 

 
 

Figure 6.5. Langmuir isotherm for AfB1 on ND+Mst40 and ND-Mst40. 
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Table 6.4. Transform calculations used to calculate maximum capacity, Qmax, and binding 
strengths, Kd, on ND-Mst and ND+Mst40. 

 

        
 
 
 
 
 
 
 
 
 
 
 

6.4 Conclusions 
 

Adsorption to NDs is strongly dependent on the type of ND substrate. PI adsorbed 

exclusively to negatively charged NDs, but, in addition, ND-MOz’s oxygen-rich surface 

makes it optimal for high loading capacities. Bound PI was shown to remain 

electrochemically unaltered. NDs were also shown to bind AfB1 within 5 minutes after 

introduction, consistent with observations in [10], and the addition of salt does not hinder 

adsorption. Electrostatic attraction plays a minor role in AfB1 adsorption and size reduction 

can be used to increase AfB1 adsorption capacities on the ND, but the optimum ND surface 

chemistry still must be identified for greater adsorption.  
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 ND-Mst40 ND+Mst40 
Transforms Qmax  

(µg/mg)
Kd 

(mg/µg)
Qmax  

(µg/mg)
Kd 

(mg/µg) 
Eadie-Hofstee 2.435 0.1470 4.288 0.8361 

Lineweaver-Burk 2.895 0.1203 4.308 0.8207 
Reciprocal Line 2.807 0.1243 4.960 0.6597 

Scratchard  2.851 0.1222 3.392 0.7050 
Average  2.747 0.1285 4.237 0.7554 
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Abstract 

 The effectiveness of several modified nanodiamonds (NDs) for the adsorption of 

mycotoxins, aflatoxin B1 (AfB1) and ochratoxin A (OTA), are investigated in this paper as 

potential enterosorbents. NDs, which are biocompatible and nontoxic, hold advantages over 

other mycotoxins enterosorbents due to their high dispersivity over a wide range of pH, 

important for interacting in the gastrointestinal tract.  A thorough study of binding and 

release mechanisms was completed using an assortment of NDs modified by size reduction 

techniques and surface treatments, including carboxylation, hydrogenation and 

hydroxylation. Results indicate that AfB1 adsorption on NDs is directly related to aggregate 

size, whereas OTA adsorption is primarily based upon electrostatic interactions followed by 

surface functional groups.  Complexities in the Langmuir isotherm and related transform 

equations were also identified based on preparation procedures, including sorbent 

concentrations and mycotoxins-ND ratios. Findings show that our modified NDs perform 

better than yeast cells walls and other NDs but comparable to activated charcoal in AfB1 

studies, and outperform clay minerals in OTA studies. Furthermore, adsorption capacities can 

be preserved in a wide range of pH. 
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7.1    Introduction 

Each year approximately 25 % of the world’s cereals are contaminated by 

mycotoxins, secondary metabolites produced by fungi [1, 2]. These toxins enter the food 

chain through direct ingestion of contaminated crops or consumption of tainted animal 

products, including meat and milk [2, 3, 4, 5]. Ingestion of mycotoxins has been linked to 

toxicosis, cancer [6, 7], and even, death [8]. Two well-known and detrimental mycotoxins are 

aflatoxin B1 (AfB1) and ochratoxin A (OTA).  

AfB1 has been identified as one the most carcinogenic naturally occurring 

compounds [9] and is typically found in warm (30 to 35 degrees C), humid settings (water 

activity of 0.90 to 0.99). AfB1 is a known to contaminate of many crops; those which are 

frequently infected by the producing fungi include cereals, tree nuts, oilseeds and spices [10, 

11].  Once ingested, enzymes breakdown AfB1 into epoxilated derivatives that form adducts 

with DNA [12-14], leading to heritable changes that lead to malignant cell formation, 

especially in hepatic cells [15]. Because of this, AfB1 is classified as a group 1 carcinogen.   

OTA, while less potent than AfB1, receives much attention due to the ability of the 

producing fungi to proliferate in low temperatures (0 to 31 degrees C, 20 degrees C is 

optimum) and  humidities, and in a wide range of pH (pH 2 to pH 10, pH 6 to 7 is optimum) 

[16]. Consequently, OTA is found in crops world-wide, but more common in Northern 

Africa, North America and Europe [17, 18]. In fact, studies conducted in the early and mid-

1990’s show OTA has been found to be widespread in Europeans’ blood and breast milk [19, 

20], with exposure primarily gained though ingestion of grains (58 % of the intake), wine (21 
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%), grape juice (7 %), coffee (5 %), and pork (3 %) [21]. Unlike Af, OTA accumulates in 

tissue and has been associated with mutagenic, nephrotoxic, nephrocarcinogenic, teratogenic 

[22], immunosuppressive properties that may lead to the development of certain disease, such 

as Balkan Endemic Nephropathy (BEN), the development of urinary tract tumors, and 

possibly connected with testicular cancers [23]. 

While these mycotoxins have long been identified there has been no economical, easy 

and practical resolution for removing these toxins from contaminated crops and feedstuff.  

Methods to remove or decompose mycotoxins in crops have included physical, chemical, and 

biological means; however, the procedures vary in their effectiveness [24,25] and may 

discolor and/or decay nutritional contents of the foodstuff [26, 27].  The most recent 

treatment is the use of non-nutritive binding agents, termed enterosorbents, which adsorb and 

remove the mycotoxins within the gastrointestinal (GI) tract before absorption into the body. 

For the enterosorbents to be effective it must meet several requirements, including: 

1) having high adsorption affinity for AfB1, as to form a strong bond with the 
molecule and prevent desorption in latter parts of the GI tract; 
 

2)  having a high capacity for AfB1 to prevent saturation of the substrate and/or 
allowing less of the substrate to be administered; 
 

3) being harmless or nontoxic to the body; 
 

4) selectively binding the aflatoxin molecule, as to not adsorb essential vitamins and 
minerals [3, 28]. 
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Several enterosorbents have been considered for mycotoxins adsorption. However, 

due to their inability to bind a wide variety of toxins [2, 4] or concerns in vitamin and 

mineral uptake [2, 3], alternative enterosorbent materials are being explored. Nanodiamonds 

(NDs), produced through detonation synthesis, have an advantage over other materials due to 

their high dispersivity, which allows for easy administration and quantifiable dosing through 

water substitutions. In addition, their colloidal stability and sorption capacities are preserved 

over a wide pH range, important for interacting in the GI tract [29, 30]. Furthermore, NDs 

have been shown to be biocompatible and nontoxic in a variety of in vitro and in vivo studies 

[31, 32, 33]. Lastly, because NDs can be tailored with different functional groups during 

manufacturing and modification treatments, NDs may be able to selectively adsorb AfB1 and 

OTA while excluding critical nutrients. This paper reports results from assessing AfB1 and 

OTA adsorption on NDs modified under variety of treatments, including surface termination 

by hydrogen, carboxyls and hydroxyl groups, as well as determining possible mechanisms of 

interaction.   

 

7.2    Experimental Details 

7.2.1 Nanodiamonds 

NDs used in this work were synthesized by the detonation of a mixture of 

trinitrotoluene (TNT) and 1,3,5-trinitro-1,3,5-s-triazine (RDX), followed by treatment in 

liquid or gas-phase oxidizers, at the manufacturers site, to reduce non-diamond content.  
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The list of NDs used in our experiments is summarized in Table 7.1. Complete details of 

manufacturing and hydrosol preparations for Ch-st, I6, RUDDM, RDDM and ozonated NDs 

(OZ-ND) have previously been reported [29, 30, 34, 35], here only brief processing methods 

will be discussed.  

Ch-st ND (New Technologies, Chelyabinsk, Russia) was purified using a solution of 

chromic anhydride in sulfuric acid. I6-140 samples were produced from Ch-st through ion-

exchange, annealing in air and fractionating. RUDDM1 (Real-Dzerzinsk, LTD, Russia), was 

produced by purifying detonation soot singlet atomic oxygen in the base environment, 

followed by treatment in nitric acid, NaCl and fractionation. Centrifugation by fractionation 

also obtained I6-220 and I6-40, where the number corresponds to the aggregate size. 

RUDDM1, which has been used previously for adsorption experiments, was also fractionated 

to a 40 nm particle size.  RDDM (Real-Dzerzinsk) was produced by detonation of graphite 

precursors mixed with RDX and fractionated by centrifugation. Ozonated ND (OZ-ND, New 

Technologies) was created by treating detonation soot with ozone at 200 ˚C. OZ-Bl, obtained 

through centrifugation, represents the smaller fractions of the OZ-ND sample.  Porous NDs, 

selected to determine the influence of pores on toxin adsorption, were produced by Alit, 

Ukraine. Finally, surface termination was conducted on I6-140, to form I6-H, I6-OH and I6-

COOH.  Hydroxylated ND (I6-OH) manufacturing methods were previously been published 

[36], showing use of nitrogen atmosphere at room temperature over night followed by drop-

wise addition of HCl, centrifugation and drying. ND-COOH was produced by air treatment at 

430 ˚C for 1 hrs, followed with treatment in HCl for 1 hrs and washing. ND-H was created 
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through treatment in H2 flow for 3 days at 450 C. Surface groups were previously confirmed 

using FTIR and XPS techniques [36]. 

It is most important to note that these NDs, all produced under different 

manufacturing procedures, acquire different zeta potentials (ZPs) and vary in their aggregate 

sizes. ZP and size measurements were completed with colloid concentrations of 0.1 wt. % in 

deionized (DI) water [29] on the Malvern Zetasizer.   

 
Table 7.1. NDs used in adsorption experiments with related diameter size measurements 
(nm) and zeta potentials (ZP, mV). 

ND Type Size, nm ZP, mV 
Ch-st 298.8 19.0 
I6-220 219.1 44.6 
I6-140 140.2 47.7 
I6-40 40.0 50.1 
I6-H 128.3 68.1 

I6-OH 128.1 52.6 
I6-COOH 145.5 -59.4 

Porous 177.4 -38.1 
RDDM 175.9 -46.1 
OZ-ND 175.0 -44.6 
OZ-Bl 80.8 -51.2 

RUDDM1 79.8 -49.2 
RUDDM-40 40.1 -53.3 

   
   

7.2.2 Aflatoxin B1 Studies 

AfB1 (purchased from Sigma Aldrich) was prepared for adsorption studies by first 

dissolving AfB1 in acetonitrile, followed by deionized (DI) water substitution. The final 

concentration of the stock solution was 10 μg/mL. NDs (0.1 or 0.5 wt. %) were combined 
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with AfB1 at a 3:7 ratio and incubated on an orbital shaker.  Though adsorption was 

observed to occur within 5 minutes or less, as confirmed by [30] and [35], 15 minute 

incubation times were selected with current experiments. Longer incubations times do not 

lead to increased adsorption. Before centrifugation (14,000 rpm, 25 min) 0.162 μL of NaCl 

solution (0.3 g/mL) was added to the ND-AfB1 suspension to help sediment the NDs. This 

was imperative for 40 nm NDs due to their exceptional colloidal stability. It was previously 

established that the introduction of the NaCl solutions does not interfere with adsorption of 

AfB1 [35], this is also true for the salt concentrations used in this paper.  Following 

centrifugation, the amount of unbound AfB1 was detected through UV-Vis spectroscopy. By 

varying the concentration of the AfB1 solution, from 0.5 to 10 μg/mL, Langmuir isotherms 

were constructed. Separate linear regression transform calculations (i.e., Eadie-Hofstee, 

Lineweaver-Burk, Reciprocal Line, and Scratchard) were employed to give rise to additional 

information such as the maximum capacity (Qmax) of the sorbent and its binding constants 

(Kd).  

Additional research was completed by varying the ratios of ND (0.5 wt. %) to AfB1 

(10 μg/mL). These studies compared the original 3:7 ratio to 1:1 and 3:1 ratios; all other 

preparation methods remained unchanged. Experiments also observed influences of pH on 

adsorption.  ND suspensions were made to pH 2 and pH 11.5 through the addition of HCl or 

NaOH, after which, AfB1 was added and experiments proceeded as normal. Final 

experiments observed toxin desorption by redispersing AfB1 bound ND pellets in 1 mL of DI 

water with 15 seconds of sonication, before centrifugation and UV-Vis detection. 
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Redispersion procedures were repeated two more times for each sample in 1 mL of 5 mg/mL 

NaCl solution or 5 mg/mL CaCl2 solution to observe the role of ionic influences.  

 

7.2.3 Ochratoxin A Studies 

 OTA (Sigma Aldrich) was dissolved in methanol followed by dilution in DI water to 

obtain a final concentration of 10 μg/mL. NDs suspensions (0.1 wt. %) were combined with 

OTA at a 3:7 (ND:OTA) ratio followed by 15 minute incubation times. NaCl additions to 

sediment NDs were excluded, as salt in the presence of OTA alone resulted in a secondary 

peak at 383 nm and a slight reduction in the primary peak at 363 nm (Figure 7.1a). However, 

when NDs were added to the OTA and salt system, further reduction in the primary peak was 

seen, indicating adsorption is still occurring (Figure 7.1b). Due to the omission of salt, only 

larger ND aggregates, which were capable of forming a pellet during centrifugation, could be 

used. Langmuir isotherms were created varying the concentration of OTA from 2 to 10 

μg/mL. Maximum capacities and binding constants were found using the linear regression 

transforms listed above. pH experiments were also conducted to observe their resulting 

influence on OTA adsorption. Similar to AfB1 studies, ND suspensions were prepared to pH 

2 and pH 10 before introducing OTA. All other steps remained unchanged. OTA desorption 

experiments were conducted using water and NaCl or CaCl2 solutions (3 redispersion cycles 

for each sample) in a manner identical to AfB1 studies.    
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(a) 

 
(b) 

Figure 7.1. Salt additions to OTA solutions reduce primary peak and create secondary peak 
(a) salt addition to OTA in the presence of NDs, with all other factors remaining the same, 
still show adsorption of the toxin (b).  
 

7.3     Results and Discussion  

7.3.1 Aflatoxin B1 Studies 

 The initial evaluation of AfB1 adsorption by various ND substrates can be seen in 

Figure 7.2. Results indicate that manufacturing and modification treatments drastically 

influence ND’s ability to adsorb AfB1. The largest adsorption influence is attributed to the 

aggregate sizes of the ND.  As seen, smaller aggregate sizes have increased adsorption 
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capacities due to their larger specific surface areas (SSAs) and increased number of binding 

sites. This is seen particularly well with I6-140 and I6-40 NDs, where the surface chemistries 

are identical but size reduction doubles the amount of AfB1 adsorbed. This trend is also 

identified in the RUDDM series.  

 

Figure 7.2. Results of AfB1 adsorption on various ND substrates showing different 
adsorption capacitates based on treatments and aggregate sizes (nm). 
 

The role of electrostatics is seen to be inconsequential for the adsorption of AfB1, as 

both NDs that hold positive and negative ZPs bind the molecule. Though AfB1 is considered 

to be a rather neutral molecule, its dicarbonyl system (Figure 7.3) forms a partial positive 

charge that has been shown to be attracted to hydrated sodium aluminosilicate (HSCAS) 

enterosorbents [37].  In this case, by comparing two NDs of equal size and opposite polarity 

(RUDDM-40 and I6-40), it is seen that the ND with the positive ZP binds slightly higher 
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amounts of AfB1. Consequently, it is believed that AfB1’s partial negative charge, associated 

with the C-4 carbon atom [38], could have greater attraction to NDs with positively charged 

sites. With the exception of the terminal furan ring, AfB1 is a planar molecule; therefore, 

special orientation is shown to play a role in how AfB1 is adsorbed. It is possible that the 

negative portion of the AfB1 molecule orients itself in such a way that the packing density is 

greatest on positively charged NDs.   

 

Figure 7.3. Chemical Structure of aflatoxin B1 (AfB1). 

 

Furthermore, surface groups related to these two NDs drastically differ. Surface 

characterization has previously shown the RUDDM ND is rich in oxygen containing groups, 

specifically carboxyls, whereas I6 ND has shown to have greater surface diversity and a large 

presence of carbonyls and hydrocarbon residues [39]. Such difference could also lead to 

variations in adsorption capacities.  For this reason, NDs modified with specific surface 

groups were examined. Adsorption results show little difference between AfB1’s attractions 

to one surface group over another. Even so, I6-COOH also shows a slight decrease in AfB1 

capacity over other surface terminated NDs, as also seen with the COOH-rich RUDDM, 
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thereby, implicating that carboxyl groups are not the preferred adsorption site for AfB1 

molecules. Because major factors for adsorption are based almost exclusively on aggregate 

size, future research requires evaluation of completely de-aggregated NDs of 4-5 nm.  

In efforts to investigate porosity on AfB1 adsorption, porous NDs were utilized. 

Porous NDs, showed some improvement over RDDM ND, which had comparable aggregate 

sizes. However, despite the larger presence of pores, this increase was not extraordinary.  In 

attempts to create porous aggregates, NDs with positive and negative ZPs (using 40 nm NDs, 

RUDDM1 and I6) were mixed at equal proportions, before proceeding as normal with the 

toxin experiment. Aggregation of the NDs immediately took place, however, no increase in 

adsorption over the individualized results was observed, despite the ability for AfB1 to 

electrostatically interact with both positive and negative ND surfaces. 

Interestingly, when ND suspensions were prepared to pH 2.5, adsorption capacities 

were able to be preserved. This is important for enterosorbents where much of the toxin-ND 

interaction occurs in the stomach.  However, in basic environments degradation of the AfB1 

molecule was observed. In fact, AfB1 in the presence of NaOH alone showed destruction of 

approximately 53 % of the sample within 30 minutes, with no greater degradation over the 

next 21 hours.  It is known that in basic environments, the lactone ring in AfB1 is damaged, 

thereby degrading the AfB1 molecule [30]. However, due to the spectral changes of AfB1 

with and without NDs, it appears that NDs are still adsorbing the toxin even in the alkaline 

environment.   
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Also effecting adsorption were the concentrations of ND suspension used.  

Significant differences were seen in adsorption when using ND suspensions of 0.1 or 0.5 wt. 

%.  To further analyze these differences, AfB1-ND ratios were altered. In both cases, 

concentration increase and ratio adjustment, the number of ND particles in the total system 

was manipulated and resulted in drastic adsorption differences.  By increasing the amount of 

NDs the removal efficiency, or adsorption percentage, is improved, due an increased number 

of adsorption sites. However, this increase also corresponds to a drop in uptake capacity, as 

there are an insufficient number of AfB1 molecules to cover all sites on the ND surface 

(Figure 7.4).  Other published work is consistent with our results [40] and suggests that a 

substrate concentration be chosen to show a balance between high adsorption percentages 

and respectable capacities. As a result, all future studies rely only on results from 0.1 wt. % 

ND suspensions at a 3:7 ratio. However, these studies indicate the complexities in the 

Langmuir isotherm and how selected sorbent concentrations and adsorbent to adsorbate 

ratios can alter calculated maximum capacities and binding constants. Such is seen with the 

construction of the Langmuir isotherm for RUDDM series ND (Figure 7.5).  

Select NDs were chosen for the construction of the Langmuir isotherm. The 

plateauing effect of these isotherms, indicate that the NDs have reached saturation due to 

binding sites being filled. Maximum capacities, Qmax, and binding constants, Kd, were 

extracted from the isotherm through linear regression curve fitting. Four transform equations 

were used as each shows different error sensitivities and have biases towards fitting data at 
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low or high concentration ranges.  The results of these transform equations is seen in Table 

7.2. 

 
Figure 7.4. Effect of ND:AfB1 ratios on adsorption percentage and capacity. ND 
concentration (0.5 wt. %) and AfB1 concentration (10 μg/mL) remained consistent. 
 

 

Figure 7.5. Langmuir isotherm for AfB1 on various ND substrates and at different ND 
concentrations. 
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Table 7.2. Maximum capacity and binding constants of AfB1 on various NDs based on four 
Langmuir transform equations. 

 

 
 
 

The transform calculations confirm that higher concentrations of NDs give rise to 

lower maximum capacities. By using lower concentrations of ND, the calculated maximum 

capacities and binding constants, which give insight to binding strength, more than tripled. 

Comparisons of 40 nm RUDDM and I6 show that while I6 has a greater Qmax, its binding 

strength is lower. The lower binding constant likely correlates to I6’s diverse surface groups. 

Though I6 has an increased number of binding sites for AfB1, not all of these sites may 

equally bind the molecule, whereas RUDDM’s fewer preferential sites may have a great 

affinity to the toxin. As indicated earlier, COOH groups do not show a high preference for 

the AfB1 molecule, this is further suggested by the lower maximum capacity and binding 

calculations.  Maximum capacity values found in this research, specifically for 40 nm I6 and 

RUDDM, outperform other AfB1 adsorbents including other NDs [30] and yeast cell walls 

[41] and behave similarly to some activated charcoals [42]. 

Finally, desorption experiments were conducted to observe the binding strength of the 

toxins to the NDs. Studies found that NDs did not release the toxin in the presence of water, 
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NaCl or CaCl2. Such results indicate the AfB1 adsorption is not based on ionic mechanisms, 

but possibly, hydrophobic interactions or hydrogen bonding. These results propose that ND 

enterosorbents will bind the toxin throughout the GI tract.  

 
 
7.3.2 Ochratoxin A Studies 

OTA binding on NDs required slightly longer incubation times, while AfB1 on NDs 

showed adsorption in 5 minutes or less, OTA required 15 minutes, though from 5 to 15 

minutes adsorption increased by only 6 to 10 %.  All NDs, surveyed for OTA adsorption in 

the 15 minute incubation period are seen in Figure 7.4. Differences between OTA adsorption 

over AfB1 adsorption on NDs are immediately observed with respect to electrostatic 

interactions. NDs possessing positive ZPs adsorbed greater amounts of OTA than negatively 

charged NDs, due to the negative nature of the OTA molecule (Figure 7.6).  The negatively 

charged HSCAS clay mineral, whose binding is based on electrostatics, shows little to no 

adsorption of OTA [43].   Interestingly, our studies indicate negatively charged NDs were 

still able to adsorb the toxin, despite charge repulsion. Previous studies using charged dye 

molecules showed no adsorption on NDs of like charges [34, 39]; thereby insinuating that 

while electrostatic interactions are the dominating mechanism of adsorption, other 

mechanisms are also taking place. Adsorption studies on cell walls show that functional 

groups, including carboxyl, hydroxyl, phosphate and amino groups may be responsible for 

binding OTA [44], additionally, NDs which are primarily hydrophilic in nature may have 

hydrophobic patches that aid in binding. In comparisons of negatively charged NDs, the 
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presence of oxygen containing groups, specifically carboxyls on I6-COOH, OZ-ND, OZ-Bl 

and RUDDM, exhibit the reason for binding.  

 
Figure 7.4. Results of OTA adsorption on various ND substrates (0.1 wt. %) showing 
different adsorption capacitates based on treatments and aggregate sizes (nm). 

 

Unlike AfB1 studies, the degree of adsorption is not based on aggregate size, but 

instead, surface chemistries. For example, 128 nm hydroxylated NDs perform superior to 

hydrogenated NDs of the same size, even though I6-H carries a stronger positive ZP (68 mV 

over 53 mV).  However, NDs stemming from the same manufacturing treatments can be 

altered for greater adsorption by reducing aggregate size and increasing SSA (Ch-st, I6-220 

and I6-140 series).  The presence of pores in the porous ND sample did not help to elevate 

adsorption levels.  

OTA was studied in acidic and basic environments for their preservation of 

adsorption capacity. OTA in acidic conditions has a peak shift from 365 to 340 nm. 
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However, in basic environments the peak shifted to longer wavelengths, 385 nm. 

Nonetheless, in both cases, the addition of NDs shows adsorption is still occurring even 

under these harsh environments. 

 

Figure 7.5. Chemical structure of ochratoxin A (OTA). 

 

Select NDs, Ch-st, I6-140 and I6-OH, were chosen for isotherm construction to 

compare differences of aggregate sizes and surface treatments on maximum capacities. 

Langmuir isotherms for these three NDs (Figure 7.6), can be categorized as a L1 or L2 shape, 

based on Giles classification of isotherm shapes, which indicated that the NDs are reaching 

or has reached a plateau.  To determine if a plateau is reached the calculated Qmax (Table 7.3) 

should be compared to the maximum observed quantity. The perceived maximum quantities 

of OTA on Ch-st, I6-140 and I6-OH are 13.403, 19.731 and 22.173 μg/mg, respectively. This 

signifies that 83.7, 93.8, and 87.8 % of the sites have been occupied by OTA, a plateau has 

been reached and the shape is a L2, or completed, isotherm.  I6-OH and I6-140 isotherms in 

this case show a steep curve at the start of the isotherm, unlike Ch-st and NDs used in AfB1 

adsorption; this implies a specific type of binding and saturation of that type of site [45]. 

Binding constants and capacities were highest for I6-OH NDs, making it apparent that 
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hydroxyl groups have a strong affinity for OTA molecules. However, all other ND binding 

constants also indicated strong binding. Maximum capacities obtained in this research show 

greater affinity for OTA over clay mineral enterosorbents, including HSCAS and bentonites 

and yeast cell walls [43]. 

 

Figure 7.6. Langmuir isotherm for OTA, Ch-st, I6-140 and I6-OH substrates (0.1 wt. %).  
 

Table 7.3. Maximum capacity and binding constants of NDs (0.1 wt. %) based on four 
Langmuir transform equations. 
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 Though calculations reveal high binding strengths, in the presence of NaCl and CaCl2 

solutions NDs showed considerable desorption of the bound OTA molecule, 25 and 26 %, 

correspondingly. By repeated redispersion of ND pellets in NaCl or CaCl2 another 6 % or 

less of the bound OTA molecules were released. This outcome further depicts ionic 

adsorption mechanisms for OTA’s binding on NDs. 

 

7.4     Conclusions 

 Results of this study show that modification treatments can significantly influence the 

quantity of the toxin bound. In the case of AfB1, aggregate size shows to be the largest 

influence of adsorption capacity. Therefore, NDs with the smallest aggregate sizes (40 nm) 

were shown to adsorb the largest amounts of AfB1. The presence of carboxyl groups on ND 

surfaces further limited the binding of AfB1; however, the molecules were not released in the 

presence of salt solutions. In OTA studies electrostatic interactions were shown to dominate. 

Beyond electrostatic interactions the types of surface functional groups present also 

influenced OTA adsorption. OTA was shown to have a strong affinity for hydroxylated 

surfaces, however, in the presence of salt, OTA showed some toxin release due to ionic 

adsorption mechanisms. In both toxin studies adsorption was preserved under pH changes, 

even if the toxin molecules themselves underwent chemical changes due to the harsh pH 

environments. Lastly, it was shown that alterations in preparation procedures, including 

sorbent concentrations and toxin to ND ratios, provided drastic result differences that could 

further affect maximum capacity and binding calculations. 
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To date, mycotoxin adsorption experiments are completed using NDs that have 

primarily been modified for aggregate sizes and surface chemistries. In efforts to increase 

mycotoxin adsorption, specifically for AfB1, future research is directed at modifying the 

surfaces of ND to mimic natural interactions of AfB1 in the body. However, to achieve this 

objective, in depth knowledge of how the body responds to AfB1 once ingested is required.  

The metabolic process of AfB1 in vivo has been known for decades. Much of the 

understanding centers around the metabolic byproducts of the molecule since AfB1 must be 

metabolized to act harmfully on the body. Once AfB1 is ingested, metabolic breakdown is 

facilitated by cytochrome P450 enzymes [1, 2]. P450 enzymes are predominantly located on 

the membrane of the endoplasmic reticulum in cells [3] and while these enzymes are located 

throughout the body, they occur at the highest levels within the liver [4]. For this reason, 

AfB1 is associated with hepatocellular carcinoma (HCC).   

The byproducts created by P450 largely determine the degree of toxicity in vivo [2]. 

While some metabolites generated are generally less harmful in nature, like the hydroxylated 

forms which make up AfM1, AfP1 and AfQ1, other forms become much more potent, such is 

the case with AfB1-exo-8,9-epoxide.  In this case, oxidation of AfB1 to form the epoxilated 

derivative has been shown to be the foundation for mutagenic damage to liver cells [5, 6]. 

The amount of this metabolized product primarily decides the extent of harm to the species, 

as it has the ability to intercalate into base pairs of the DNA and covalently react with the 

guanine N7 atom to form various DNA-adducts (Figure 8.1) [5-7].  These DNA adducts, 

where DNA is bound to a cancer causing substance, causing heritable genetic changes that 
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lead to malignant cell formation [8]. Figure 8.2 illustrates the AfB1 conversion process along 

with the principal DNA-adduct formed with AfB1 epoxide, trans-8,9-dihydro-8-(N7-guanyl)-

9-hydroxyaflatoxin B1 [6, 7]. The imidazole ring (C3H4N2) on the adduct carries a positive 

charge, which may cause depurination leading to an apurinic (AP) size on the DNA. AP sites 

located on DNA lack both a purine and pyrimidine and are indicative of DNA damage [5].  

Like many other cancers, in the case of AfB1 induced HCC, the reaction affects alters 

the tumor suppressing gene, p53 [2, 5]. p53 proteins act as an anticancer mechanism to 

activate DNA repair or apoptosis of damaged cells. If, however, the gene is damaged, the 

tumor suppressing capabilities are greatly reduced, thereby allowing the damaged cell to 

proliferate [9]. In the case of AfB1, AfB1-8,9-epoxide binding to the DNA causes a guanine-

cytosine to thymine-adenine (GC TA) transversion at the third base in 249 codon in the p53 

protein. This transversion is reported as the mutagenic change inactivating the tumor 

suppressing gene, allowing the malignant cell to survive and reproduce, and gives rise to 

AfB1’s carcinogenicity [5]. Although the highest mutability occurs at the 249 codon, studies 

also conclude that neighboring codons also show high levels of mutation [10]. 

Though the primary focus is on AfB1-DNA binding, research also shows 

considerable binding of AfB1 to proteins, like serum albumin [11, 12], and intestinal 

bacterial cells, such as lactic acid bacteria (LAB) [13, 14]. As in the case of DNA, AfB1 

requires epoxidation of molecule before binding to albumin. Though AfB1 forms covalent 

albumin-adducts with the lysine components on the blood protein, the majority of AfB1 is 

non-covalently attached to albumin for transportation to the liver [15]. However, before 
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transportation to the liver, poultry studies show a competitive effort between albumin and 

LAB in the small intestines to bind AfB1 [14]. 

 

Figure 8.1. Interaction of AfB1 exo-8,9-epoxide with DNA [6]. 
 
 

 

Figure 8.2. Metabolic activation of aflatoxin B1 to AfB1 exo-8,9-epoxide is carried out by 
cytochrome P450. The epoxide reacts region-and stereoselectively with N7 of guanine to 
form the primary adduct trans-8,9-dihydro-8-(N7-guanyl)-9-hydroxyaflatoxin B1 [7].  
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With knowledge of how AfB1 reacts once ingested, we can work to create ND 

substrates to interact with the pre and post-metabolized AfB1. In doing so, NDs will have the 

ability to react with the toxins during the entire length of the GI tract. To achieve this, future 

research will focus on attaching guanine rich nucleic acid strands onto the ND substrates. 

DNA attachment has been previously demonstrated with ND models [16, 17].  

Additionally, prospective experiments may involve altering NDs through the 

attachment of albumin or select LAB select proteins (listed in [18]). The attachment of these 

proteins to ND surfaces would assist in AfB1 attachment by mimicking natural interactions 

in the body. In addition, by imitating adsorption mechanisms of LAB, which include 

hydrophobic as well as electrostatic interactions, it might be beneficial to attach lipoteichoic 

acid-like polymers to the ND substrate. The polymer additions, naturally present on LAB, 

would create a hydrophobic ND surface with a strong negative charge. In short-term 

experiments, it would be valuable to experiment with NDs that have hydrophobic patches. 

While this may affect the colloidal stability of the NDs, there may be greater benefit from 

increased aflatoxin adsorption.  

Lastly, future experiments should explore adsorption of other mycotoxins to ND 

surfaces. Our extensive collection of ND substrates has shown varying success of toxin 

adsorption. The substitution of AfB1 for OTA demonstrates NDs’ specific affinities for 

different molecules, with these affinities largely based on electrostatic interactions of the 

mycotoxins to the NDs. Therefore, it is advisable to test other mycotoxins with different 

molecular structures and charges. One plausible candidate is the highly negatively charged 
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fumonisin B1 [19], which may show increased adsorption capacities and binding strength on 

positively charged NDs.  
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Abstract 

Nanodiamonds (ND) are capable of exhibiting exceptional physiochemical properties, 

including relatively high surface areas, abundant surface chemistries and have the ability to 

maintain highly charged surfaces when placed in aqueous solutions. However, raw, 

unmodified ND particles, like those typically received from vendors, possess inhomogeneous 

sizes and surface characteristics causing the ND to have low surface charges and, thus, low 

colloidal stability. Methods of modifying these NDs to acquire the desired properties are 

simple. Through experimentation processes, NDs of different surface chemistries were 

modified using plasma treatments, size fractionalization, and silane surface coatings. 

Evaluation of the suspension’s stability took place via zeta potential measurements at neutral 

pH and with titration over a wide pH. Results showed that many ND types are able to 

maintain high stability over a wide range of pH, which expands the possibility of ND use into 

biomedical enterosorbent applications.  

 
Keywords: nanodiamond, colloidal stability, enterosorbent, zeta potential, surface 
modification.  
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Nanodiamond (ND) research has been expanding exponentially in the past several 

years largely due to ND’s appealing physiochemical properties. While ND particles have 

reasonably large surface areas (300-400 m2/g), their key distinctiveness stems from the 

particle’s ability to possess dense surface chemistries as well as a large variety of surface 

groups. Surface chemistries of the diamond nanoparticles can be managed to acquire specific 

properties that fit the functional requirements of the final ND application [1]. In manipulating 

these chemistries, surface charges may also be altered with the possibility to achieve both 

highly positive and negative ND particles. Alteration of NDs is, in most cases, a requirement. 

NDs purchased from vendors typically exhibit highly inconsistent properties, which are 

largely attributed to the methods used to produce the nanoparticle [1,2,3]. NDs are formed by 

a detonation process of carbon containing explosives, i.e., trinitrotoluene (TNT) and 1,3,5-

trrinitro-1,3,5-s-triazine (RDX). After detonation NDs require purification from the soot and 

removal of metallic impurities, all of which are competed at an industrial level [2, 4, 5]. Each 

vendors recipe to produce and purify the ND naturally leads to varying surface properties, 

charges, and aggregate sizes. Depending on the end use application of the ND, these varying 

properties could drastically affect the results of one’s research.  

ND modification methods can be completed by either chemical or physical means [2, 

3]. Techniques used in our studies include size fractionalization through centrifugation [2, 5], 

plasma treatments using oxygen and nitrogen plasma, and silane surface coatings using 

tetramethylorthosilicate (TMOS) and N,N’-bis[(3-trimethoxysilyl)propyl]ethylenediamine 

(enTMOS). Two types of silane were selected since each carries an opposing charge when 
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they are hydrolyzed in water, with TMOS being positively charges and enTMOS being 

negatively charged.  Such approaches to ND modification were conducted as to evaluate how 

each method affects various ND types.  

Of the several different types of NDs selected, the first group held positive surface 

charges. The positive ND group was made up of Ch-st and modified Ch-st referred to as I6. 

Each of these was purchased from vendors. Vendor’s methods to produce and modify these 

samples are discussed in previous work [4, 5]. Three size fractions of Ch-st (Table SM1) 

modified by methodology [2] were obtained from the Institute of Biophysics, Krasnoyarsk, 

Russia. Details on this modification will be published elsewhere [6]. Additional 

modifications took place at the International Technology Center (ITC), North Carolina, using 

I6 ND. Effects of plasma treatment were tested with I6 using oxygen plasma for 3, 5, 15, or 

30 minutes or nitrogen plasma for 5, 15, or 30 minutes. I6 was also used in testing silane 

coatings of ND surfaces. Varying concentrations of TMOS and enTMOS were mixed with a 

fixed ND concentration (20 μL, 50 μL or 100 μL to 5 mL 0.1 wt. % I6 in DI). 

The second group tested consisted of negatively charged NDs and included Kr-Black 

(Kr-B), and Kr-Gray (Kr-Gr) and RUDDM 1, derived from RUDDM, which has agglomerate 

size of 0-250 nm. These materials, also received from vendors, exhibit adequate as-received 

stability characteristics. Thus, this class of NDs has not yet been experimentally altered 

through our additional modification methods. Production details of these NDs can be found 

in literature, as reported by Gibson et al. [4]. 

 
 



 
 

258 
 

Table SM1. Nanodiamond samples prepared at 0.1 wt. % in DI water and sonicated for 4 
minutes left to cool to room temperature and measured for zeta potential (mV) and size (nm).  
 
 

ND, 0.1 wt. % ZP, mV Size, nm 
 

Ch-st 
 

17.4 ±0.4 
 

300 
Ch-st 1 44.7 ±0.5 101 
Ch-st 2 37.0 ±0.4 225 
Ch-st 3 33.2 ±0.2 1380 

I6 46.8 ±0.9 185 
I6-O2 plasma 44.6 ±1.8 157 
I6-N2 plasma 52.2 ±0.3 157 

I6-TMOS coated 52.8 ±1.1 132 
I6-enTMOS 

coated 
38.3 ±0.2 148 

Kr-Black -42.9 ±2.1 80 
Kr-Gray -45.5 ±0.6 397 

RUDDM 1 -49.3 ±1.9 75 
 

 ND suspensions were evaluated using zeta potential (ZP) measurements, which can 

directly predict the stability of the NDs in suspension by measuring their electrostatic 

repulsion when the sample is places in solution [2, 4]. ZP values greater than 30 mV or lower 

than -30 mV are considered stable. As the magnitude of the 30 mV increases suspension’s 

stability becomes greater and can be preserved over longer periods. Previous research 

showed ZP values were influences by colloid temperature and concentration [4]. Therefore, 

all NDs were prepared at a 0.1 wt. % concentration in DI water, sonicated and cooled to 

room temperature. Sonication used a 3 mm titanium horn tip on a Cole-Parmer 750 W 

Ultrasonic Homogenizer. With an output power of 10 W and output intensity of ~100 W/cm. 

NDs were sonicated accordingly from 1.5 to 4 minutes depending on the volume of the 
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suspension prepared, with smaller volumes, in general, requiring shorter sonication times. 

Earlier studies show ZP was not heavily influenced by sonication times, yet particle size can 

be greatly affected [4]. ZP measurements for all NDs were conducted before and after 

modification. The results of these experiments are shown in Table 1.  

 Results show that not all of the modification methods appear highly effective. 

Fractionalization of Ch-st samples affect ZP greatly, where smallest monodispersed 

suspensions show significantly increased stabilities. Of plasma treated samples only the best 

treatments are shown (5 minute treatment in oxygen and 15 minute treatment in nitrogen). 

Generally, shorter treatment times have smaller particles than longer treatments. This could 

be a result of condensation reactions and, thus, agglomeration of initially smaller 

nanoparticles. ZP measurements with respect to treatment times demonstrated that longer 

treatment times decreased ZP. Overall, nitrogen plasma treatment for 15 minutes notable 

increased ZPs of the control I6 ND.  

 Silane coated NDs also had profound effect on ZP and particle size. I6 treated with 

positively charged TMOS and negatively charged enTMOS showed different results of ND 

stability. Though the increase was not drastic, negatively charged silane had increased 

stability over the originally positive particles. Experimentation showed higher concentrations 

of enTMOS increased ZP and decreased size. However, positively charged TMOS showed 

little noticeable changes of ZP and size until the highest concentration, 100 μL TMOS to 5 

mL 0.1 wt. % ND, was used.  At this mixture, complete agglomeration of ND occurred. This 

data stayed consistent over 3 weeks, however, due to the reactive nature of the silane, 
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samples were kept refrigerated. Our experiments revealed that enTMOS coatings at highest 

silane concentrations preformed better than the untreated I6. Despite this, more detailed 

experimentation must be conducted before solid conclusions are reached. 

 Though much of the research was conducted on a more general basis, results were 

being more closely examined for ND’s behavior in potential enterosorbent applications, in 

other words, as a way to absorb toxins in the gastrointestinal (GI) tract [4, 7]. Developing 

NDs for enterosorbent use, specifically for aflatoxin B1 (AfB1), will be the focus of future 

studies. AfB1 is a carcinogenic offshoot of mold growth, which is found in many sources of 

grains and crops. Ingestion of the toxin has caused widespread infection of animals and 

humans; primary sufferers comprise those in third world countries [2]. Development of an 

effective enterosorbent requires a material with relatively high surface areas, chemical 

inertness, biocompatibility, and non-toxicity, all of which were proved through prior research 

[8, 9]. Adsorption efficiencies may also be affected by the charge-charge interactions of the 

toxin molecule and the enterosorbent, dispersivity and agglomerate constructions. For this 

reason, exploration of ND types and charges are studied.  

 Due to the enterosorbents’ function inside the body, the material will be subjected to 

various pH conditions within the GI tract. To examine how charge behavior, thus stability, of 

the ND suspension will behave pH titration was conducted. The pH ranges chosen were wide 

enough to simulate conditions that would occur within the body. Select ND samples at 0.1 

wt. % were chosen for this experiment. All samples chosen were processed and modified by 

vendors only. It was found that ZP behavior varied depending of the direction of titration. 
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Consequently, four experiments were conducted for each sample, running suspensions from a 

neutral pH to 12, neutral pH to 1, pH 1 to pH 12, and pH 12 to pH 1 (Notre: neutral pH 

values ranged from 5-6). Values of pH were obtained by introducing HCl of NaOH into the 

systems. Results of this experiment are shown below. 

 

 

Figure SM1. Titration curves of positive and negative nanodiamonds illustrating the 
influence of manufacturing treatments on ND behavior under various pH environments. 
(Titration was completed from the natural pH to 12 and natural pH to 1).  
 

 

Experiments verified that relatively high ZPs can be preserved over a wide range of 

pH. Stability preservation occurred more prominently with negatively charged NDs. 

Specifically, Kr-B and Kr-Gr performed most superior since these samples did not reach an 

isoelectric point, or point of no charge. Next steps will include titration of modified plasma 

and silane treated samples, since these samples hold best case scenarios in the positively 

charged ND group. 
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Figure SM2. Titration curves of Kr-Bl ND demonstrating the importance of titration 
directions.    
 

 Preliminary ND enterosorbents experiments have been performed using AfB1 and 

propidium iodide, chosen as an aflatoxin model. Experiments indicate that ND type and 

modification method influence the adsorption capacity of the ND [4]. Further research will 

focus on how to control the surface chemistry and stability of the ND to increase its 

adsorption efficiency for AfB1 molecules.  

 

Acknowledgements 

 Acknowledgments would like to be made to the Materials Work Network program of 

the National Science Foundation (Grant DMR-0602906). For their financial support and V. 

Bondar, A. Puzyr, L. Purtov, Institute of Biophysics, Siberian Division, and the Russian 

Academy of Sciences, Krasnoyarsk, Russia for collaboration on modified nanodiamond and 

aflatoxin adsorption studies.  



 
 

263 
 

References 

1. Grishko, V.P., O. Shenderova, Nanodiamond: Designing the Bio-Platform in 
Ultrananocrystalline Diamond: History, Properties and Applications, O. Shenderova 
and D. Gruen, Editor. 2006, William-Andrew: Norwich, UK. 
 

2. Bondar, V.S. and A.P. Puzyr, Nanodiamonds for biological investigations. Physics of 
the Solid State, 2004. 46(4): p. 716. 
 

3. Shenderova, O., G. McGuire, I. Petrov, B. Spitsyn, A. Puzyr, V. Kuznetsov, 
Application-Specific Detonation Nanodiamond Particulate. NSTI Nanotechnology 
Conference and Trade Show - NSTI Nanotech 2006, Technical Proceedings, 2007. 1: 
p. 154-157. 
 

4. Gibson, N., O. Shenderova, A. Puzyr, K. Purtov, V.Grichko, T.J.M. Luo, Z. 
Fitzgerald, V. Bondar, D. Brenner, Nanodiamonds for detoxification. NSTI 
Nanotechnology Conference and Trade Show - NSTI Nanotech 2007, Technical 
Proceedings, 2007. 2: p. 713-716. 
 

5. Shenderova, O. I. Petrov, J. Walsh, V. Grichko, V. Grishko, T. Tyler, and G. 
Cunningham, Modification of detonation nanodiamonds by heat treatment in air. 
Diamond and Related Materials, 2006. 15(11-12): p. 1799-1803. 
 

6. Gibson, N., et al., Colloidal stability of modified nanodiamond particles. Diamond 
and Related Materials, 2009. 18(4): p. 620-626. 
 

7. Grant, P.G., T.D. Phillips, Isothermal adsorption of aflatoxin B1 on HSCAS clay. 
Journal of Agricultural and Food Chemistry, 1998. 46(2): p. 599-605. 
 

8. Puzyr, A., V.S. Bondar, Z.Y. Selimhanova, A.G. Tyan, E.V. Bortnikov, E.V. 
Injevatkin, Results of studies of possible applications of detonation nanodiamonds as 
enterosorbents. Siberian Med. Obozrenie (Siberian Medical Review), 2004.  2-3: p. 
25-28. 
 

9. Puzyr, A.P., V.S. Bondar, and S.E. Al, Dynamics of the selected physiological 
responses in laboratory mice under the prolonged oral administration of 
nanodiamonds suspensions. Siberian Med. Obozrenie (Siberian Med. Rev.) (in 
Russian), 2004. 4: p. 19.  

 
 
 



 
 

264 
 

 
 
 
 
 

 

Supplementary Data 
 
 
 
 
 
 
 
 
 
 

Chapter 5:  
Propidium Iodide Adsorption and 
Binding by Nanodiamond and 
Nanocarbon Particles 
 

 
 
 
 
 
 
 
 
 



 
 

265 
 

Propidium Iodide Adsorption and Binding by Nanodiamond and Nanocarbon Particles 
 

N.M. Gibson1*, T.J.M. Luo 1, O. Shenderova 1,2, A.P. Koscheev 3 and D.W. Brenner 1 

 

1 Department of  Materials Science and Engineering, North Carolina State University, 911 

Partners Way, Raleigh, NC, USA 27695  

2 International Technology Center, P.O. Box 13740 Research Triangle Park, NC, USA 27617  

3 State Scientific Center of Russian Federation, Karpov Institute of Physical Chemistry, ul. 

Vorontzovo Pole, 10, Moscow, Russia 105064 

 
 

Figure SD1. TOF-SIMS spectra of NDG- and NDW- NDs. 
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Figure SD2. TOF-SIMS spectra of ND+180 ND. 
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