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Abstract 

Boron nitride nanotubes (BNNTs) have attracted significant attention due to their 

outstanding properties such as high thermal stability, high tensile strength, and lightweight. The 

use of BNNTs to generate macroscopic materials and composites, as well as their use in biological 

and electronic applications require their effective dispersion in a variety of solvents.  In this review, 

we explore the work generated in the area of BNNT dispersions, highlighting the different 

approaches that have been taken. Topics that will be covered in this review include covalent 

functionalization, acids and bases, polymers, biomolecules, aromatic molecules, ionic surfactants, 

and solvents without additives. The properties of these dispersions will be discussed in light of the 

dispersion obtained, properties and/or materials made, and will culminate with an outlook of the 

field, outstanding challenges and future directions. 

1. Introduction 

Boron nitride (BN) nanomaterials compose a relatively new and vastly understudied class 

of materials. They are structural analogs of carbon nanomaterials, coming in as many allotropes, 

but with different, complementary properties. The B-N bond is isoelectronic with the C-C bond, 

allowing for a variety of BN materials with analogous structures to carbon. Nonetheless, due to 

the distinctive composition of BN materials, their properties markedly differ from their carbon 

counterparts. In particular, boron nitride nanotubes (BNNTs) have gained general interest in the 

last few years due to their morphology and properties.  
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Figure 1. Schematic representations of a BNNT showing the honeycomb-like structure of sp2 

hybridized, alternating boron (blue) and nitrogen (light green) atoms, and representations of the 

different types of dispersions methods reported. 

 

BNNTs are structural analogs of carbon nanotubes (CNTs) and can be rationalized as rolled-

up sheets of hexagonal boron nitride (hBN), which possess a honeycomb-like structure of sp2 

hybridized, alternating boron and nitrogen atoms (Figure 1). BNNTs were successfully predicted 

by Rubio et al.[1] before they were synthesized, a year later, by Zettl and coworkers.[2]  The 

change in chemical makeup imprints BNNTs with distinctive properties from those of CNTs (Table 

1), similar to the case between hBN and graphene. While the mechanical strength of both species 
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is high, ~ 1 TPa,[3],[4] BNNTs are much more chemically and thermally stable, not oxidizing in air 

until temperatures past 800 °C,[5],[6] while CNTs begin oxidizing at temperatures as low as 400 

°C.[7]  Though the thermal conductivity of BNNTs (~200 W/mK) is lower than that of CNTs (300-

1000 W/mK), Chang and coworkers found that using isotopically pure 11BNNT could improve their 

thermal conductivity to be equal to that of CNTs.[8] Finally, the most striking difference between 

the two materials is their electrical conductivity, with CNTs demonstrating conducting or 

semiconducting properties, depending on tube chirality, while BNNTs maintain a uniform wide 

band gap of ~5-6 eV,[9] making them electrically insulating regardless of structure. 

Table 1. Summary of material properties 

Property CNT BNNT 
Young’s Modulus 
 

1.8±1.4 TPa[4] 1.22±0.24 TPa[3] 

Thermal Conductivity 
 

300-1000 W/mK[8] ~200 W/mK[8] 

Electrical Conductivity Conducting/ Semiconducting Insulating (~5-6 eV)[9] 
 

Oxidation Temperature 
 (in air) 

400 °C [7] > 800 °C [6],[7] 

 

 

The unique properties of BNNTs make them top candidates for many applications. In the 

field of materials science, BNNTs’ mechanical strength, thermal stability, and thermal 

conductivity make them useful prime materials for a variety of composites.[10]–[23] (Figure 2a-

b) For example, Zhi and coworkers have prepared BNNT/polystyrene (PS) composite films.[22] 

These films remained transparent to visible light, and the addition of 1 wt. % BNNTs increased 
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the elastic modulus of the film by ~21% and made the films more stable to oxidation.[22] 

Similarly, in 2020, Chang and coworkers reported the addition of pyridine-attached BNNTs (Py-

BNNTs) in composites of a variety of materials.[23] They found that adding 20 wt. % Py-BNNTs to 

epoxy improved the thermal conductivity by 69.6%. In addition, they found that adding 2 wt. % 

Py-BNNTs to polyvinyl alcohol (PVA) increased the tensile strength by 75.3%.[23] These 

properties have been utilized in other BNNT materials, as well, such as films[24]–[26] and 

mats.[27] Another important area for BNNT applications is in nanomedicine. Since BNNTs are 

commonly considered noncytotoxic in most cell lines, they have been proposed for many 

biomedical applications, such as imaging and drug delivery.[28]–[41] ( Figure 2c) For instance, 

Ciofani and coworkers conjugated the dye Oregon Green to BNNTs in order to image them in 

cells and track their cellular uptake.[28] Additionally, Allard and coworkers used BNNTs to 

encapsulate fluorescent dyes, showing shifts in their photophysical properties, and used them 

for fluorescent microscopy imaging of D. Pulex.[40] Alternatively, Emanet and coworkers 

noncovalently linked Doxorubicin, a common cancer drug, to BNNTs grafted with folate, a cancer 

cell targeting group, in an attempt to deliver the drug and release it inside cancer cells.[39] In 

addition to encapsulation for imaging, several groups have demonstrated endohedral complexes 

that have potential applications in optoelectronics, nanothermometry, and catalysis. [40],[42]–

[45] For instance, the Zettl group has taken advantage of capillary forces and demonstrated a 

wet chemistry approach to filling with noble metals (Pd, Ag, Pt, Au), a transition metal (Co), and a 

post transition metal (In)[42] and Qin et al. has loaded BNNTs with tellurium(Te).[46] Other 

important uses for BNNTs include sensing applications,[47]–[49] hydrogen storage,[50],[51] 

space radiation shielding,[52] and coatings for nanowires,[53],[54] among others. 
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Figure 2. (a) Pure polyvinyl alcohol (PVA) film and 1%wt OH-BNNT/PVA film, showing they are both 
transparent. Reprinted with permission from Ref [26] (X. Lu et al. Polym. Compos. 2020, 41(12), 
5182.) Copyright © 2020 John Wiley & Sons. (b) Thermally regenreable ultrafiltration membrane 
using debundled BNNTs with P4VP. Reprinted with permission from Ref [20] (H. Lim et al. J. 
Membr. Sci. 2018, 551, 172.) Copyright © 2018 Elsevier Inc. (c) Confocal image showing 
fluorescently labeled functionalized BNNTs in green internalized by fibroblasts. Reprinted with 
permission from Ref [28](G. Ciofani et al. Colloid Interface Sci., 2012, 374(1), 308.) Copyright © 
2012 Elsevier Inc. 

Obtaining the expected macroscopic materials and advanced applications from these 

exciting nanomaterials relies, in most cases, on the ability to prepare uniform, stable dispersions 

of these nanoarchitectures in solution. In addition, it often requires breaking apart the nanotube 

network, as well as, separating BNNTs from BN and other impurities, to produce individualized 

BNNTs stabilized in solution.  Specifically, dispersing BNNTs in a liquid solvent requires disrupting 

intertube interactions and, most commonly, using an agent to improve their wettability in the 

desired solvent. The earliest attempts to disperse and individualize BNNTs utilized noncovalent 

functionalization with polymers[16],[17],[55] or covalent functionalization of BNNT edges and 

defect sites.[17] Soon thereafter, groups turned to biomolecules[56] and other dispersing agents, 

such as Lewis bases[57] and aromatic molecules.[58] More recently, some studies have been done 

that focus on tailoring the solvent itself to obtain BNNT dispersions without the use of a wettability 

agent.[59],[60] This review will cover each type of BNNT dispersion and the advances that have 
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been made toward increased dispersion concentration and stability. Many good reviews have 

been published on the synthesis, functionalization, and applications of BNNTs,[5],[47],[52],[61]–

[65] including a mini-review published in 2020 focused on theoretical studies of BNNT dispersion 

and functionalization.[66] To complement these, this review will provide an in-depth analysis of 

experimental dispersion techniques for BNNTs (Figure 1), and how they have evolved over time. 

We hope this work will serve as a guide for continued studies toward the achievement of novel, 

timely, and advanced BNNT devices and applications. 

2. Covalent Functionalization   

Attempts at covalently functionalizing BNNTs can be generally broken down into 4 types 

of reactions: functionalization of amine groups in defect sites and edges (Section 2.1), oxidation 

of boron sites (Section 2.2), radical addition (Section 2.3), and reduction (Section 2.4). Here, we 

will describe functionalization methodologies based on the chemistry used. A summary is 

presented in Table 2. 

2.1. Functionalization of Amine Groups in Defect Sites and Edges 

Some of the first attempts at covalent functionalization of BNNTs focused on 

functionalizing defect sites and tube edges where free amine groups can be found. Zhi and 

coworkers found that these amine groups could be functionalized with an acyl chloride using a 

simple reflux reaction.[67] In particular, they reacted the BNNTs with stearoyl chloride, attaching 

long aliphatic chains, and making the BNNTs dispersible in many organic solvents, such as 

chloroform, N,N-dimethylacetamide (DMAc), tetrahydrofuran (THF), dimethylformamide (DMF), 
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acetone, toluene, and ethanol. In fact, they could reach concentrations of > 0.5 g/L of 

functionalized BNNTs in DMAc.[67] This group later utilized the same reaction conditions to attach 

other acyl chloride moieties, including naphthoyl chloride, butyryl chloride, and chloroacetyl 

chloride.[10],[68] First, they studied how grafting functionalities such as napthoyl, butyryl, and 

stearoyl to the BNNT surface could be used to tune its electronics.[68] Though the dispersibility of 

the functionalized BNNTs was not analyzed in this case, the addition of these moieties is expected 

to impact BNNT dispersion ability. Additionally, they attached Cl groups, using chloroacetyl 

chloride, that could in turn be utilized to graft polymers, polystyrene (PS) or 

polymethylmethacrylate (PMMA), through an atom transfer radical polymerization (ATRP).[10] 

Though this investigation was focused on the production of polymer composites, the authors did 

find that PS functionalized BNNTs were more easily dispersible in organic solvents, such as DMAc 

and chloroform.[10] 

More recently, in 2016, Kalay and coworkers utilized the same reaction between amine 

groups in defect sites and edges and an acyl chloride group to attach an oligo peroxide to the 

BNNT surface.[69] This peroxide reacted with N-isopropylacrylamide (NIPAM) to polymerize it, 

producing poly(N-isopropylacrylamide)-grafted BNNTs. After adding the polymer, the f-BNNTs 

were dispersible in water and some organic solvents, including dioxane and dichloroethane. 

Moreover, since poly(N-isopropylacrylamide) is a thermo-responsive polymer, the authors 

propose using the f-BNNTs in biomedical applications, such as for smart surfaces or 

nanocarriers.[69] 
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Other reactions that have been performed on the amine sites available on raw BNNTs 

include SN2 alkylation[70] and an isocyanate reaction.[11] For the first, Zhi and coworkers 

dispersed BNNTs into ionic liquids by grinding and then performed the SN2 reaction with 1-

bromoicosane.[70] Again, dispersibility studies were not performed, however the authors indicate 

that these functionalized BNNTs show dispersibility in organic solvents and were not dispersible in 

water. In 2012, Zhou and coworkers reacted free amine groups in BNNTs with isophorone 

diisocyanate, adding isocyanate groups to the BNNT surface.[11] These NCO-functionalized BNNTs 

could be individualized in chloroform or further reacted with 2-chloroethanol, 1-pyrenyl methanol, 

and p-chloroaniline, among others. Finally, f-BNNTs could be dispersed more easily in PVA and 

hydroxypropyl methylcellulose to make composite films.[11]  

 

Figure 3. (a) Typical SEM image of pristine BNNTs on Si substrate as a specimen for plasma 
treatment. (b) Schematic illustration of the microwave plasma system used in this study. HR-TEM 
images and Fourier transform images of the wall of a (c) pristine BNNT with a clear tube edge and 
(d) ammonia plasma-treated BNNT with rough edges. Scale bar 4 nm. Reprinted with permission 
from Ref [71] (T. Ikuno et al. Solid State Commun. 2007, 142, 643-646.) Copyright © 2007 Elsevier.  

In order to increase the accessibility to amine groups, researchers have established 

methods to increase defect sites through plasma treatment[71]–[73] and ball milling.[12] The Zettl 
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group first used ammonia plasma treatment to increase defect sites, and therefore, free amines 

on the BNNT surface (Figure 3).[71] The added amine groups made the BNNTs highly dispersible 

in chloroform and their dispersions were stable up to 7 days. After plasma treatment, f-BNNTs 

were coupled with 3-bromopropanoyl chloride,[71] and, later, mercaptopropionic acid, through 

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) coupling.[72] Dai and coworkers further 

studied the use of controlled plasma treatments to tune functionalization and defect creation in 

the BNNTs.[73] Through a combination of Ar, O2, and N2 + H2 plasmas, they were able to add 

carbonyl and amide functionalities to the BNNT surface.[73] Additionally, Iannitto and coworkers 

developed an in-flight plasma treatment wherein ammonia gas injection temporarily fluidized the 

BNNTs.[74] This allowed for a more complete coverage of the added amine on the surface of the 

BNNTs. Fourier Transform Infrared Spectroscopy (FTIR) and Thermogravimetric Analysis (TGA) 

data demonstrate that while the plasma of ammonia creates several free radicals (·H, ·NH, ·NH2), 

it is NH3 which is bound to the BNNTs due to its low binding energy and removal at 250 °C. Owing 

to the hydrogen bonding capability of the amine group, the tubes were able to be individualized 

and dispersed well in water, while remaining stable over time.  By using a solvent free, nonthermal 

method for attaching amine, they provide a much-needed proof of concept for addends of other 

functional groups. Finally, in 2011 Singhal and coworkers ball-milled BNNTs in NH4HCO3 to increase 

defect and amine sites.[12] The added amines improved the BNNT dispersibility in an Al matrix, 

which was used to make BNNT-Al composites.[12]   
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2.2. Oxidation of Boron Sites 

Another commonly utilized method of covalently functionalizing BNNTs is through the 

oxidation of boron sites generally using hydrogen peroxide[13],[14],[31] or strong acids.[28]–

[30],[75] One of the first examples of this was reported by Zhi and coworkers in 2009, when they 

reacted BNNTs with H2O2 at high temperatures and pressure, adding hydroxyl moieties to the 

BNNT surface.[13] This reaction improved the dispersibility of BNNTs in water, producing 

dispersions with concentrations > 0.25 g/L that were stable for at least 2 days. Additionally, 

esterification reactions were performed between the hydroxylated BNNTs and either 

perfluorobutyric acid or thioglycolic acid to further modify the BNNT properties and make them 

better for polymer composites.[13] The same group later silanated the hydroxyl groups with 3-

aminopropyltrimethoxysilane (KBM 903), leaving a free amine group for reaction with polyhedral 

oligosilsesquioxane to produce epoxy nanocomposites.[14] In 2015, Emanet and coworkers used 

a similar method to add hydroxyl groups by refluxing the BNNTs in H2O2 for 48 hours, and then 

reacted the f-BNNTs with carbohydrates such as glucose, lactose, or starch, using a glutaraldehyde 

linker.[31] These BNNTs could be dispersed in cellular medium and were investigated for cellular 

uptake and biocompatibility.[31] 

An alternative to using hydrogen peroxide for boron oxidation, is to utilize another well-

known oxidizer, nitric acid. In 2012, Ciofani and coworkers sonicated BNNTs in 65% nitric acid to 

add hydroxyl groups to the surface.[28] The hydroxyl groups were then reacted with 3-

aminopropyltriethoxysilane (APTES), leaving free amino groups on the surface. While these 

silanated BNNTs could be dispersed in aqueous media, the stability was significantly improved by 
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further conjugation to Oregon Green, a fluorescent dye.[28] The group utilized these dye-

conjugated BNNTs to perform biocompatibility and confocal imaging studies,[28] and later, linked 

the dye to transferrin protein to get a more targeted cellular uptake.[29] The same group, in 2015, 

used the same nitric acid procedure to add hydroxyl groups to the surface, which they then 

reacted with folic acid, to coat the BNNTs in folate.[30] These f-BNNTs could be dispersed in 

aqueous media and used for cell viability studies and imaging, with the goal to use them as a tool 

for cancer treatment.[30] More recently, da Silva and coworkers oxidized BNNTs with a 3:1 mixture 

of sulfuric and nitric acid, which were then grafted to a polymer, to make a water/ethanol 

dispersible hybrid hydrogel that could be used for drug delivery.[75] The polymer grafting was 

accomplished through the addition of a crosslinking agent, triethylene glycol dimethacrylate, 

which could then polymerize a mixture of NIPAM and methacrylic acid (MAA) to produce a hybrid 

BNNT-Poly[(NIPAM-co-MAA] system.[75]  

More recently, in 2020, two new methods of oxidation were demonstrated. First, Lu was 

able to show that hydroxylation is possible via sonication.[26] The researchers showed that tip 

sonication for 45 minutes resulted in a dispersion that, after freeze drying, still had a strong peak 

at 3000-3600 cm-1 region of the infrared (IR) spectrum, due to the addition of hydroxyl groups on 

the BNNT surface. Because this method is free from organic solvents, there is a lot of interest in 

its use, particularly in the biomedical space. A challenge that this method presents, however, is 

that the researchers clearly demonstrated other damage to the tubes such as unzipping or 

formation of nanoribbons. Again in 2020, Mapleback and coworkers found that using milder 

sonication in combination with ozonation also resulted in oxidation at boron sites.[76] They found 

that dispersion in water was much easier after this process, most likely due to the ability for 
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hydrogen bonding to occur. Interestingly, they noted that ozonation results in ‘cleaning’ of the 

surface of the tubes and allowed for further functionalization using polyethylenediamene, which 

was used for electrophoretic deposition of BNNT films. The work of both groups provides a new 

methodology of functionalization that does not rely strictly on corrosive materials such as nitric 

acid or hydrogen peroxide.   

2.3. Radical Addition 

Another method recently utilized for BNNT covalent functionalization is radical addition 

reactions. Ejaz and coworkers first reported this in 2014, when they used bis(4-

bromomethylbenzoyl)peroxide, a peroxide that breaks down into free radicals at 105 °C, to attach 

brominated benzyl groups to the BNNT surface.[77] They propose that the free radicals react with 

localized π double bonds of the aromatic rings in edges and defect sites. The f-BNNTs were mixed 

with glycidyl methacrylate or styrene and ATRP was initiated using 4-methyl-benzyl bromide, to 

form a polymer-BNNT composite.[77] Lin and coworkers used a similar mechanism, but with 

lauroyl peroxide and dicumyl peroxide, which underwent thermal decomposition by refluxing in 

chloroform for 8 hours.[15] They propose that the free radicals react with B sites of BNNTs, as was 

seen with the H2O2 oxidation reactions described above. These f-BNNTs form stable dispersions in 

chloroform, 0.25 mg/mL and 0.33 mg/mL for Lauryl- and Cumyloxy-BNNTs, respectively, for up to 

3 days.[15] The hydroxylated BNNTs were also used to produce polycarbonate composites for 

mechanical testing, which resulted in 8% and 12% increases in tensile strength, respectively.[15] 
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2.4.  Reducing Conditions 

Another method applied to covalently functionalize BNNTs is chemical reduction. Shin and 

coworkers first reported the reduction of BNNTs using a sodium naphthalide solution, coating the 

BNNTs in negative charges that could react with 1-bromohexane.[78] In 2018, the Martí group 

reported the use of the Billups-Birch reaction to functionalize BNNTs with dodecyl groups.[79] This 

reaction uses lithium in liquid ammonia to produce solvated electrons that can react with 

bromododecane to functionalize BNNTs. Dispersions of the f-BNNTs were tested in an array of 

solvents, such as water, THF, and dodecane. These tests indicated that solvents containing long 

carbon chain worked better to disperse these functionalized BNNTs.[79] Moreover, heating the 

BNNTs up to 600 °C removed the carbon chains and yielded pristine BNNTs as confirmed by both 

TGA and atomic force microscopy (AFM). [79] In a later publication, the Martí group also 

demonstrated the importance of using a glass stir bar for this reaction, as Teflon can outcompete 

and even deplete dodecane in the functionalization reaction. 
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Table 2: Summary of characteristics of BNNT dispersions prepared by functionalization 

Molecule Used 
Method of 

functionalization 
BNNT synthesis 
method / source 

Method of 
dispersion 

Dispersion 
solvent 

Stability Application Ref. 

Functionalization of 
Amine Groups in Defect 

Sites and Edges 
       

Stearoyl Chloride Mixing CVD Method Stirring at 100 °C 
and annealing 

Chloroform, 
DMF - Powder for 

characterization [67] 

Chloroacetyl Chloride 
followed by Polystyrene 

or PVP 
ATRP BOCVD Method Stirring at 120 °C 

and annealing 
Chloroform, 

DMF. - Powder for 
characterization [10] 

Naphthoyl chloride, 
butyryl chloride, and 
stearoyl chloride 

- CVD Method - - - Powder for 
characterization [68] 

Oligoperoxide followed by 
NIPAM 

Peroxide attached, 
then PNIPAM 

functionalization 
CVD Method Sonication and 

centrifugation 
Dioxane and 

dichloroeth-ane - Powder for 
characterization [69] 

Isophorone diisocyanate 
followed by 2-

chloroethanol, 1-pyrenyl 
methanol, benzyl alcohol, 
p-chloroaniline, glycine 

methyl ester, 
trifluoroacetic acid, PVA, 

or HPMC 

-NCO 
functionalization 

CNT 
Replacement 

Stirring, 
Sonication, and 
Centrifugation 

THF - Powder for 
characterization [11] 
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Ionic Liquids followed by 
1-bromoicosane 
attachment 

Ionic liquids 
facilitated SN2 

reaction to attach 
icosane moiety 

CVD Method Mortar and Pestle 
and Centrifugation 

Organics 
(unlisted) - Powder for 

characterization [70] 

Amines Microwave plasma 
induced amination CVD Method Sonication Chloroform and 

water 7 days 

Dispersions for 
characterization 
and alternate 

functionalization 

[71] 

Amines followed by MPA 
or butyryl chloride 

Amine mediated 
functionalization CVD Method Sonication Water - 

Dispersions that 
can interact with 
gold nanoparticle 
passivating layer 

[72] 

Amines RF Plasma induced 
amination 

Boron ink 
method - - - Powder for 

characterization [73] 

Amines RF Plasma induced 
amination HABS Method Sonication Water At least 

2 hrs 
Powder for 

characterization [74] 

Amine Functionalized 
Aluminum Matrix Amine Ball milling Ball-milling and 

annealing 

Stirring, 
Sonication, and 

Drying 
Ethanol - Powder for 

characterization [12] 

Oxidation of Boron Sites        

Hydroxide followed by 
perfluorobutyric acid or 

thioglycolic acid 

Hydroxide 
mediated 

functionalization 
BOCVD Method Heating under 

reflux Water - 
Polycarbonate or 
polyvinyl butyral 

matrices 
[13] 

Hydroxide followed by 
POSS 

Hydroxide 
mediated 

functionalization 
BOCVD Method Stirring, Reflux Toluene - Epoxy [14] 
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Hydroxide followed by 
Glucose, Lactose, or 

Starch 

Hydroxide 
mediated 

functionalization 
CVD Method 

Heating under 
reflux, 

Centrifugation, 
and Sonication 

Bovine Serum 
Albumin 
Solution 

- Cell Uptake 
Studies [31] 

Hydroxide followed by 
APTES 

Hydroxide 
mediated 

functionalization 

Annealing 
Method       
(Nano and 
Ceramic 
Materials 

Research Center, 
Wuhan Institute 
of Technology, 

China) 

Tip Sonication and 
Centrifugation PBS - Cell Viability 

Studies [28] 

Hydroxide followed by 
APTES followed by 

Transferrin 

Hydroxide 
mediated 

functionalization 
- Tip Sonication and 

Centrifugation PBS - Cell Viability 
Studies [29] 

Hydroxide followed by 
Folate 

Hydroxide 
mediated 

functionalization 
CVD Method 

Tip Sonication, 
stirring, and 
centrifugation 
(freeze-dried) 

PBS - Cell Uptake 
Studies [30] 

Hydroxide followed by 
TEGDMA and MAA-

NIPAM 

Hydroxide 
mediated 

functionalization 
CVD Method Sonication Acetone - Gel [75] 

PVA Mixing From BNNT, LLC Sonication and 
Drying Water - Film [26] 

Ozone followed by 
Polyethyleneimine AOP From BNNT, LLC Sonication and 

centrifugation Water 6 
months Film [76] 



 19 

Radical Addition        

BBMBPO initiator 
followed by Glycidyl 

methacrylate or Styrene 
ATRP BOCVD Method Sonication and 

centrifugation various - Powder for 
characterization [77] 

Hydrogen peroxide, 
Lauroyl peroxide, and 
dicumyl peroxide 

Mixing 

Hydrogen 
Assisted BNNT 
Synthesis (HABS) 

Method 

Sonication and 
centrifugation with 

autoclave 
(hydroxide) or 
heating under 

reflux (Lauroyl and 
dicumyl peroxides) 

Acetone, 
Chloroform 3 days Polycarbonate 

films [15] 

        

Reducing Conditions        

1-bromohexane Reductive 
alkylation  HABS Method Stirring Water and 

methanol - Powder for 
characterization [78] 

1-bromododecane 
Billups-Birch 
reductive 
aklylation 

From BNNT, LLC 
Stirring, 

Sonication, and 
Centrifugation 

THF, IPA, MEK, 
Dodecane, 
Cetane 

- Dispersions for 
characterization [79] 
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3. Non-covalent Functionalization 

Non-covalent functionalization encompasses a wide array of approaches for enhancing 

dispersibility via association of molecules to the surface of tubes, without being directly bound. 

Functionalization relies on intermolecular forces such as wrapping of tubes, π-π stacking, and 

amphiphilic interactions.  This will be divided into 5 distinct classes of molecules: polymers 

(Section 3.1), biomolecules (Section 3.2), aromatic molecules (Section 3.3), ionic surfactants 

(Section 3.4), and acids and bases (Section 3.5). A summary is presented in Tables 3-7. 

3.1. Polymers 

Another early method for dispersing BNNTs into solution was through noncovalent 

functionalization with polymers. In this section we will go through reports of polymers that were 

utilized to produce stable dispersions of BNNTs. Biopolymers will be discussed in section 3.2, and 

polymers used solely for the production of polymer composites will not be included. Dispersions 

have been achieved using non-aromatic (Section 3.1.1), aromatic (Section 3.1.2), and block co-

polymers (Section 3.1.3), and their details are summarized in Table 3. 

3.1.1.  Non-aromatic polymers 

Non-aromatic polymeric functionalization takes advantage of the nonpolar nature of 

BNNTs generally by wrapping long chains around the BNNTs. This association to the tubes 

mediates the environment around the tube in order to promote dispersion.  In 2005, two reports 
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of BNNT dispersion in polymers were published, both being non-aromatic polymers.[16],[55] In 

the first, Xie and coworkers utilized an amine-terminated polyethylene glycol, PEG1500N, to 

disperse BNNTs in water.[55] The BNNTs and PEG were heated to 100 °C for 3 days under an N2 

atmosphere, after which unreacted PEG could be removed by dialysis and unreacted BNNTs 

removed by low-speed centrifugation. Control experiments revealed that the amine group was 

necessary to produce stable dispersions, so the authors proposed an acid-base interaction 

between the amine groups and boron sites of the BNNTs, which has been corroborated with 

hBN.[55] Soon after, Zhi and coworkers reported the dispersion of BNNTs in organic solvents, 

such as chloroform, DMAc, and THF, through wrapping with the polymer poly[m-

phenylenevinylene-co-(2,5-dioctoxy-p-phenylenevinylene)] (PmPV).[16] This polymer has a 

helical structure that can interact with BNNTs through π-π interactions. This method of BNNT 

dispersion was used to prepare a composite film,[16] and, in a later publication, to purify BNNTs 

from other BN impurities produced during BNNT synthesis.[17]   

Polymer dispersions have also been prepared with the goal of studying the photophysics 

of BNNT hybrids. For instance, Huang and coworkers obtained BNNTs-zinc phthalocyanines 

hybrids, in which the zinc phthalocyanines served as organic π-electron donors. [80] The authors 

used polyvinylpyrrolidone (PVP) to wrap the BNNTs and make aqueous dispersions and studied 

the electron transfer between them and BNNTs through steady state absorption, transient 

absorption, steady state photoluminescence, and time resolved photoluminescence. 

Ciofani and coworkers first reported using polymers to disperse BNNTs in aqueous media 

to test their cytocompatibility in cells by working with polyethyleneimine (PEI) in 2008.[36] 
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Dispersions of BNNTs wrapped with PEI in PBS were stable for up to 1 month, with only a 5% 

decrease in concentration over that time. The dispersions were tested for cell uptake and 

cytocompatibility in human neuroblastoma cells, finding the BNNTs to be nontoxic.[36] 

Additionally, in a future report, the PEI was conjugated to carboxyl-protected quantum dots to 

enable in vitro imaging studies.[81] 

In 2021, De los Reyes and coworkers used non-aromatic polymer ethyl cellulose to 

individualize and disperse BNNTs in organic solvents and showed that solution-processing can be 

less destructive than other treatments used for purification of BNNTs. [82] Dispersions were 

mostly stabilized through CH-π and OH-π interactions, and after centrifugation, the BNNTs were 

mostly isolated from other BN impurities, obtaining a purer material. They showed their highest 

dispersibility in benzyl alcohol. [82] 

 

3.1.2. Aromatic polymers 

Aromatic polymers have been used to disperse BNNTs, mainly by taking advantage of the 

interactions between each other through π-π stacking.  In 2010, Velayudham and coworkers 

produced BNNT dispersions in chloroform using poly(p-phenylene-ethynylene) (PPE), a 

ferrocene-conjugated PPE, and polythiophene (PT) with the goal of preparing composites.[18] 

The interactions between the polymers and BNNTs were probed with UV-Vis spectroscopy, 

nuclear magnetic resonance (NMR), photoluminescence, and lifetime measurements. The 

authors determined that all polymers adsorb to the BNNTs through π-π interactions, with the 

PPEs aligning along the vertical axis of the nanotube and PT wrapping around it.[18] Dispersions 
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in chloroform reached concentrations of ~0.30 mg/mL for the PPEs and ~0.22 mg/mL for PT, and 

were stable for up to 6 months, as long as chloroform could not evaporate. Additionally, 

composite films of self-aligned BNNTs were prepared by dropping the dispersion on a silicon 

substrate and holding it vertically, absorbing solvent with a Kimwipe.[18] Later, Gao and 

coworkers tested 5 water-soluble polymers:  a conjugated poly(p-phenylene) ((-)PPP),  

poly(xylylene tetrahydrothiophenium chloride) (PXT), poly(sodium styrene sulfonate) (PSS), 

poly(sodium vinyl sulfonate) (PVS),  and poly(sodium acrylate) (PAA) to prepare BNNT 

dispersions.[83] These five polymers were chosen to test the impact of conjugated π-electrons 

on dispersion ability, with (-)PPP having extend conjugation, PXT and PSS having a phenyl group, 

and PVS and PAA containing no conjugation. As expected, the more conjugated system dispersed 

the most material, with (-)PPP dispersing almost 3x more material than PXT.[83] The PXT-

dispersed BNNTs were used to prepare a superhydrophobic coating by depositing on a Si wafer 

and then thermally treating the film at 240 °C for 6 hours, converting PXT to poly(p-phenylene 

vinylene).[83] 

In 2015, Fernandez-Yague and coworkers studied the dispersibility of polydopamine (PD) 

coated BNNTs in water and buffer, where PD also binds to the BNNTs through π-π 

interactions.[84] PD-BNNT dispersions in water, ~20 µg/mL, were stable for up to 2 months and 

dispersions in buffer were utilized to test BNNT cytotoxicity in osteoblasts.[84] The same year, 

Martinez-Rubi and coworkers dispersed BNNTs in chloroform using poly(3-hexyl-thiophene) 

(P3HT) and studied its photophysical properties.[85] The BNNTs formed a stable dispersion with 

a concentration of 0.2 mg/mL for weeks with only trace sedimentation. Due to the photophysics 

of the polymer, the addition of BNNT changes the solution color from orange to purple, shown in 
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photos and the absorption spectra (Figure 4). Using UV-Vis and polarized excitation fluorescence 

microscopy, they were able to determine that π-π interactions between the BNNTs and the 

polymer induce planarization of the polymer along the tube axis, which produces the color 

change.[85] 

 

Figure 4. Photos and absorption spectra of BNNT (0.2 mg/mL), rra-P3HT solution, and rra-
P3HT/BNNT suspensions in CHCl3 (rra-P3HT to BNNT weight ratio = 0.08). Reprinted with 
permission from Ref [85] (Y. Martinez-Rubi et al. J. Phys. Chem. C, 2015, 119, 26605-26610.) 
Copyright © 2015 American Chemical Society. 

In 2018, Lim and coworkers dispersed BNNTs in various alcohols, finding the optimum 

proportion of poly(4-vinylpyridine) (P4VP) to effectively individualize and stabilize the 

nanotubes.[20] The dispersion in methanol was stable for at least 7 days, and was then filtered 

to prepare a composite film that could be used as a water filtration membrane.[20] More 

recently, they worked on adding the dispersion to glycerol diglycidyl ether, which is an epoxy 
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where P4VP is soluble and can interact with the BN surface to prepare BNNT-hBN-epoxy 

composites.[86] Later, Lee and coworkers explored the ability of P4VP to disperse BNNTs more 

easily than hBN, in order to remove hBN impurities.[87] Dispersions in methanol were 

centrifuged to remove larger impurities, and methanesulfonic acid was added to the 

supernatant, removing the P4VP from the BNNTs and causing them to aggregate. These 

aggregates were collected by filtering and washing to obtain purified BNNTs. While nanosized 

flakes were not fully removed, the process provides more insight into using solution-processing 

methods for BNNT purification.[87]   

A two-step in-situ polymerization process was also studied in 2020 to disperse BNNTs in 

aqueous solution.[88] Cetyltrimethylammonium 4-vinylbenzoate was used by the authors to 

disperse BNNTs in water, and a free radical polymerization was performed to permanently fix the 

polymer layer adsorbed to the surface of the BNNTs. The material was able to produce highly 

stable (>1 year) dispersions in water.[88]  

  The interactions between BNNTs and aromatic homopolymers have also been 

investigated by Rice and coworkers in 2020, where poly(2,7-carbazole)s PC35 and PC92 

dispersed BNNTs by stretching along the nanotube and forming highly ordered J-aggregates.[89] 

Dispersions were the most stable in THF and were used to fabricate a film by electrophoretic 

deposition to build capacitors, as well as composites with PMMA. In 2021, two polyfluorenes, 

poly(9,9-dioctylfluorenyl-2,7-diyl) (PFO) and poly(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(6,6-

[2,2bipyridine]) (PFO-BPy), were reported for the individualization and dispersion of BNNTs.[90] 

These polyfluorenes wrap around the nanotube structure, showing significant bathochromic 
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shifts in their absorption and emission spectra, which is attributed to strong π-π interaction 

between the fluorenes and the BNNTs. The Stokes shift was larger for PFO-BPy than for PFO, 

indicating differences between the interactions of both polymers. These findings contribute to 

the understanding of the interaction between conjugated polymers and BNNTs.[90] 

 

3.1.3. Block co-polymers 

Block co-polymers have been used to disperse BNNTs acting like surfactants, in which 

they generally have hydrophobic sections interacting with the structure and hydrophilic sections 

interacting with the solvent. 

In 2011, Horváth and coworkers utilized a polyoxyethylene sorbitan monooleate (Tween 

80) to disperse BNNTs in aqueous cell media to test their cytocompatibility in different cell 

types.[37] They produced dispersions at concentrations of 20, 2, and 0.2 µg/mL and found that 

those < 20 µg/mL were stable for at least 5 days. The dispersed BNNTs were determined to be 

toxic in several of the cell lines tested.[37] In 2014, Nithya and coworkers compared two 

different Pluronic block copolymers and PEI for dispersibility of BNNTs in water.[38] After 

removing aggregated BNNTs and excess polymer, they found the best dispersion was prepared 

with Pluronic F127, followed by PEI, and Pluronic P123. The dispersions were utilized for 

antibacterial studies against E. coli and S. aureus, and cytotoxicity studies in human liver 

cells.[38] 
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Lee and coworkers dispersed BNNTs in water with methoxy-poly(ethylene glycol)-1,2,-

distearoyl-sn¬-glycero-3-phosphoethanolamine-N conjugates (mPEG-DSPE), which, after 2 hours 

of sonication, formed stable dispersions for months.[19] The DSPE chains are fatty acids that can 

wrap around BNNTs, while the hydrophilic mPEG stabilizes the BNNTs in water. The authors also 

tested dispersions in mPEG and DSPE separately, finding that DSPE could disperse some BNNTs, 

using the phosphate groups for water stabilization, but mPEG alone could not disperse BNNTs as 

it had no way to interact with the nanotube surface.[19] The dispersed BNNTs were used to form 

monolayer composite films by coating on a Si substrate and evaporating water.[19] 

Some studies have been performed to report the optimal dispersion conditions with 

block-co polymers. In 2014, Zeng and Liu performed such optimization with BNNT dispersions in 

ethanol solutions of PVP and Triton X100.[91] They tested the dispersions in polymer 

concentrations of 0-5 wt.% and tracked their stability over 50 hours by UV-Vis, finding the 

optimal polymer concentrations to be 2 wt.% PVP and 3 wt.% Triton X100.[91] In 2019, Jeon and 

coworkers optimized BNNT dispersions in two Pluronic block copolymers, Pluronic P85 and 

Pluronic F127, in water.[92] After optimizing sonication time and centrifugation rate and time, 

they produced ~5 wt.% BNNT dispersions that were stable for at least 1 month.[92] Also in 2019, 

the Martí group studied 4 polymers from the Pluronic series, Pluronic F108, Pluronic F87, 

Pluronic L81, and Pluronic 17R4, for their ability to disperse BNNTs.[93] Among the 4 polymers 

tested, it was found that the highest molecular weight and most hydrophilic polymer, Pluronic 

F108, dispersed the most material and was capable of dispersing individualized nanotubes. 

These results were compared to dispersions with ionic surfactants, which will be discussed in 

more detail in section 3.4.[93] 
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Table 3: Summary of characteristics of BNNT dispersions prepared with polymers 

Polymer 
BNNT synthesis method 

/ source 
Method of dispersion Dispersion solvent Stability Application Ref. 

PEG1500N 
Carbon nanotube 

substitution reaction mixing water and organic 
solvents - - [55] 

PmPV CVD method Sonication and centrifugation. chloroform, DMAc, 
THF - - [16] 

PmPV BOCVD method Sonication and centrifugation. chloroform, DMAc, 
THF - Purification [17] 

PVP - - water - 
Photophysical studies of π 

electron donors and 
BNNTs 

[80] 

PEI 

Ball milling and 
annealing, from 

Australian National 
University 

Mixing, stirring at 70 °C, and 
sonication. Centrifugation. PBS - In vitro testing on human 

neuroblastoma cell line [36] 

PEI 

Ball milling and 
annealing, from 

Australian National 
University 

Stirring at 70 °C, sonication. 
Centrifugation PBS - 

Conjugate with quantum 
dots, track uptake by living 

cells 
[81] 

Polymer Ethyl 
Cellulose 

Induction Plasma torch 
method from Tekna 

Advanced Materials Inc. 
Sonication and centrifugation 

acetone, benzyl 
alcohol, butanol, 
ethanol, methanol, 

- Purification [82] 
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propanol, THF, 
toluene 

PPE, 
ferrocene-
conjugated 
PPE, PT 

Thermal CVD Sonication and centrifugation 
chloroform, 

methylene chloride, 
THF 

6 
months 

Self-organized composite 
films [18] 

((-)PPP), PXT, 
PSS, PVS, PAA - Sonication and centrifugation water - superhydrophobic 

surfaces [83] 

PD HTP, from BNNT, LLC. 

BNNTs dispersed with Tris-HCl 
and SDBS by tip sonication 

and centrifugation. Dopamine 
hydrochloride added, stirred 

and centrifuged 

water, PBS - 
Study cytocompatibility in 
vitro with cultured human 

osteoblasts 
[84] 

P3HT Thermal plasma process Bath sonication chloroform Weeks 

Dispersion, demonstrate 
use off polarized 

excitation fluorescence 
microscopy 

[85] 

P4VP From BNNT, LLC Bath sonication methanol 7 days Composite film for water 
filtration [20] 

P4VP From BNNT, LLC Bath sonication methanol - BNNT-hBN-expoxy 
composite [86] 

P4VP 

High-temperature 
inductively coupled 
plasma facility at 
Jeonbuk National 

University 

Bath sonication and 
centrifugation methanol - purification, remove hBN 

impurities [87] 
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CTVB RF Plasma Process Vortexing (after freeze drying 
wrapped BNNTs) water >1 year - [88] 

Poly(2,7-
carbazole)s HABS method Bath sonicated, 

centrifugation, filtration THF, chloroform >1 year 
(THF) 

simple capacitors and 
PMMA composites [89] 

PFO, PFO-BPy 

Plasma technique, 
supplied by High-
Enthalphy Plasma 
Research Center at 
Jeonbuk National 

University 

Tip sonication, centrifugation toluene, chloroform - 

Fabrication of devices 
through dose-controlled, 
floating evaporative self-

assembly. 

[90] 

Tween 80 BOCVD method Sonication and stirring water, cell culture 
medium - Assess in vitro cytotoxicity 

with four cell lines [37] 

P123, F127, 
PEI, 

ammonium 
olate 

CVD method Stirring at 70 °C, sonication. 
Centrifugation PBS - 

Evaluation antibacterial 
activity and cytotoxicity in 
four different cell types 

[38] 

mPEG-DSPE Growth vapor trapping 
(GVT) Sonication and centrifugation water >24h Composite films, 

biomedical applications [19] 

PVP, Triton X-
100 CVD method Bath sonication ethyl alcohol >10 

days - [91] 

Pluronic P85, 
Pluronic F127 

High-Enthalpy Plasma 
Research at Chonbuk 
National University 

Sonication and centrifugation water >1 
month - [92] 

Pluronic F108, 
F87, L81, 
17R4 

From BNNT, LLC Sonication and centrifugation water >1 
month - [93] 
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3.2. Biomolecules 

Another popular method for dispersing BNNTs is through the use of biomolecules. These 

can be broken down into 5 general sections based on the type of biomolecule used: DNA (Section 

3.2.1), proteins or peptides (Section 3.2.2), saccharides (Section 3.2.3), mononucleotides (Section 

3.2.4). The details of each dispersion are summarized in Table 4. 

3.2.1. DNA 

One of the first biomolecules used for BNNT dispersion was Salmon DNA, as reported by 

Zhi and coworkers in 2007.[56] After sonication for 3 hours, the DNA wraps around BNNTs and 

can produce up to a 0.2 wt.% BNNT solution in water that remains stable for at least a few hours. 

UV-Vis and cathodoluminescence measurements revealed that the DNA interacts with BNNTs 

through π-stacking interactions. The BNNTs can be recovered by heating and washing with boiling 

water and the BNNT-DNA dispersion can be filtered to produce a BNNT mat with some nematic 

ordering.[56]  In 2019, Kode and coworkers dispersed BNNTs in a variety of short single-stranded 

DNA sequences.[25] They found that (GT)20 single-stranded DNA formed the best dispersion, 

which was stable for more than 12 months when stored at 4 °C.  Membrane filtration was used to 

purify the dispersion from non-BNNT species and solvent evaporation was used to prepare an 

aligned BNNT film (Figure 5).[25] In 2021, Kode and coworkers were able to further demonstrate 

the use of DNA as a good dispersant, this time with a cosolvent system.[94] Using herring DNA 

(bp<50), they wrapped BNNTs and showed the highest dispersion concentration using cosolvent 

systems of alcohol and water. At 50% isopropanol/water, the mixtures they could achieve were of 

greater concentrations than with surfactant-wrapped BNNTs. Interestingly, they did molecular 
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dynamics calculations that indicate that the alcohol acts similar to a surfactant by aligning at the 

electronic double layer and widening it, which contributes to the greater stability of the dispersion. 

 

Figure 5. (a) SEM image of an aligned DNA-BNNT film formed by solvent evaporation of purified 
dispersions of BNNTs:DNA = 1:0.75 mass ratio (≈11.5 mass % of DNA-BNNT hybrids) without 
applied shear. (b)Surface morphology of the film showing the alignment of densely packed 
nanotube bundles. Reprinted with permission from Ref [25] (V. Kode et al. ACS Appl. Nano Mater. 
2019, 2, 2099-2105.) Copyright © 2019 American Chemical Society. 

3.2.2. Proteins and Peptides 

Another type of biomolecule that can individualize and disperse BNNTs groups proteins 

and peptides. In 2008, Ciofani and coworkers prepared BNNT dispersions using the positively 

charged protein poly-L-lysine (PLL).[32] This protein could be conjugated with fluorescent 

quantum dots for imaging and functionalized with folate for cell targeting. 50 µg/mL BNNT 

dispersions in PBS were used for uptake and cytocompatibility studies in human glioblastoma 

multiforme cells,[32] normal human fibroblasts,[32] and C2C12 cells.[95] Later, Gao and 

coworkers used the B3 peptide (HWSAWWIRSNQS) for BNNT aqueous dispersion.[96] This peptide 



 33 

has an a-helical conformation that enables it to wrap around the BNNT and interact through π-π 

interactions. When the sequence is modified to reduce the a-helix conformation, the peptide can 

no longer disperse the nanotubes.[96] 

3.2.3. Saccharides 

Saccharides are a third type of biomolecule used to disperse BNNTs. Perhaps due to the 

many variations of polysaccharides and their similarities to synthetic polymers, they are one of the 

most predominant biomolecular dispersion agents reported. In 2009, Chen and coworkers used 

glycodendrimers, with a pyrene group at the dendrimer focal point, to disperse BNNTs in 

water.[33] Though a maximum dispersion concentration was not reported, the dispersions were 

stable in water for weeks at a time. Since the pyrene focal point was used to interact with the 

BNNT through π-π interactions, the glycans could be tuned for conjugation of fluorescent dyes or 

to bind to cell surfaces.[33] In 2010, Ciofani and coworkers first reported the use of glycol-chitosan 

to disperse BNNTs in PBS.[34] These dispersions were stable for many weeks and were used to 

test the cell viability.[34] The same group later tested these dispersions for compatibility in human 

vein endothelial cells[97] and their effects on stem cell biology and tissue regeneration in 

planarians.[98] Later,  Gao and coworkers investigated BNNT dispersions in gum arabic, dextran, 

dextran sulfate, amylose, and amylopectin.[35] They found gum arabic produced the best 

dispersions, reaching a maximum concentration of 22 µg/mL. Additionally, they were able to 

immobilize proteins onto the wrapped BNNTs.[35] Later, the same group used gum arabic 

dispersed BNNTs to test cytocompatibility in human endothelial and neuron-like cells.[99]  
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In 2013, Lau and coworkers tested another array of polysaccharides: hyaluronic acid, 

chitosan, chitosan phosphorylcholine, and rhodamine-labeled chitosan phosphorylcholine.[100] 

The BNNTs were first dispersed in glycine, which served as a linker between the polysaccharides 

and BNNTs,  and then the polysaccharide solution was added. After washing away free 

polysaccharide, hexane was added to the BNNT dispersion in water to produce an oil/water 

interface where the BNNT-polysaccharide hybrids formed a film. This process made the 

polysaccharide covering of the BNNTs more uniform and the dried film could be readily 

redispersed in water.[100] All of the produced dispersions, except with hyaluronic acid, were 

stable for extended periods of time as long as glycine was used.[100] In 2016, Rocca and coworkers 

coated BNNTs with pectin derived from apples and dispersed them in water.[101] These 

dispersions remained stable after several months, as confirmed by zeta potential measurements, 

and were tested for cytocompatibility in macrophages.[101] Finally, in 2018, Wang and coworkers 

studied alginic acid for the dispersal of 7 carbon and boron nitride nanomaterials, including BNNTs 

and hBN, in water and cell media.[102] They found, through zeta potential, absorbance, and 

dynamic light scattering (DLS) measurements, that the BNNT dispersions remained stable for at 

least 7 days and that stability improved with increased BNNT outer diameter.[102] 

In 2013, Ferreira and coworkers compared the polysaccharide chitosan, the 

monosaccharide glucosamine, and the polymer PEG1000 to see which produced the best dispersion 

in water.[103] Dispersions were prepared by refluxing the BNNTs and dispersion agent in ethanol 

for 6 hours, centrifuging the hybrids out of solution, and redispersing them in water with brief 

sonication. Tracking the amount of material grafted by TGA and the stability of the dispersion with 

zeta potential, they found that glucosamine produced the best dispersions and these were stable 
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for at least 8 days, while the others were not.[103] The dispersed BNNTs were used for 

biocompatibility and cytotoxicity studies.[103] 

3.2.4. Mononucleotides 

Mononucleotides are the fourth type of biomolecule that has been utilized for BNNT 

dispersion. These interact with BNNTs through π-π interactions to stabilize them in aqueous 

solution.[104],[105] In 2011, Gao and coworkers first reported the use of flavin mononucleotide 

(FMN) for BNNT disentanglement and dispersion.[104] They could disperse individualized or small 

bundles of BNNTs with lengths up to 8 µm using this method. Additionally, they found that the pH 

and temperature dependence of FMN fluorescence, when free in solution, disappears when it is 

adsorbed to the BNNT.[104] Later, the same group tested an assortment of nucleotides for BNNT 

dispersion: adenosine 5’-mono-, di-, and triphosphate, guanosine, guanosine 5’-mono-, di-, and 

triphosphate, uridine 5’-monophosphate, and cytidine 5’-monophosphate.[105] After 

characterizing the relative dispersion concentration by UV-Vis absorbance, they found that all 

monophosphates performed better than the di- and triphosphates and that guanosine produced 

the best dispersion overall. Additionally, they attached CdS quantum dots to the nucleotide for 

fluorescence imaging.[105]
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Table 4: Summary of characteristics of BNNT dispersions prepared with biomolecules 

Biomolecule BNNT synthesis method 
/ source 

Method of 
dispersion 

Dispersion solvent Stability Application Ref. 

ssDNA From BNNT, LLC Sonication and 
centrifugation Water - Film [25] 

PLL + Folate 

Ball-milling and 
Annealing  

(Australian National 
University, Canberra, 

Australia) 

Tip sonication 
and 

centrifugation 

Phosphate-
buffered solution - Cell Proliferation 

Studies [32] 

Glycodendrimer (labeled as G-2) CVD method Sonication and 
centrifugation 

Phosphate-
buffered solution Weeks Cell Viability 

Studies [33] 

Glycol-chitosan 

Annealing Method  
(Nano and Ceramic 

Materials Re- 
search Center, Wuhan 
Institute of Technology, 

China) 

Sonication and 
centrifugation 

Phosphate-
buffered solution - Cell Proliferation 

Studies [34] 

Gum Arabic, dextran, dextran 
sulfate, amylose, and amylopectin CVD method 

Tip sonication 
and 

centrifugation 
Water - Dispersion for 

Characterization [35] 

Thiol-Modified DNA CVD method Stirred at 90 °C 
and sonicated Water - Liquid Crystals [56] 

DNA  
(surfactant exchange) BNNT, LLC Sonication and 

centrifugation 
Water/Alcohol 
(MeOH, EtOH, 

- Dispersions for 
Characterization [94] 
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and IPA at various 
concentrations) 

PLL 

Ball-milling and 
annealing  

(Australian National 
University, Canberra, 

Australia) 

Tip sonication 
and 

centrifugation 

Phosphate-
buffered solution - Cell Viability and 

Uptake Studies [95] 

Short Peptide (B3 
(HWSAWWIRSNQS)) CVD method 

Tip sonication 
and 

centrifugation 
Water - Dispersions for 

Characterization [96] 

Glycol-chitosan 

Annealing Method  
(Nano and Ceramic 

Materials Re- 
search Center, Wuhan 
Institute of Technology, 

China) 

Tip sonication 
and 

centrifugation 

Phosphate-
buffered solution - Cell Viability 

Studies [97] 

Gum Arabic CVD Method Sonication and 
centrifugation 

Phosphate-
buffered solution - Animal Cell 

Studies [98] 

Gum Arabic CVD Method 
Tip sonication 

and 
centrifugation 

Phosphate-
buffered solution - Cell Viability 

Studies [99] 

Glycine exchanged with 
hyaluronic acid, chitosan, 

chitosan phosphorylcholine, or 
rhodamine-B-labeled chitosan 

phosphorylcholine 

BOCVD Method Sonication and 
centrifugation Water - Films [100] 
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Pectin CVD Method 
Tip sonication 

and 
centrifugation 

Phosphate-
buffered solution 

several
months 

Cell Viability 
Studies [101] 

Alginic Acid From Sigma Aldrich 
Tip sonication 

and 
centrifugation 

Water 7 days Cell Viability 
Studies [102] 

Flavin Mononucleotide CVD Method 

Tip sonication 
and 

centrifugation 
and dialysis 

Water - Dispersions for 
Characterization [104] 

Nucleotides (AMP, ADP, ATP, 
GMP, GDP, GTP) CVD Method 

Tip sonication 
and 

centrifugation 
and dialysis 

Water - Dispersions for 
Characterization [105] 

Glucosamine, Polyethylene Glycol, 
or Chitosan CVD Method Sonication and 

centrifugation 
Phosphate-

buffered solution 7 days Cell Viability 
Studies [103] 
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3.3. Aromatic Molecules 

Another type of dispersing agent often utilized encompass aromatic molecules, which can 

interact with BNNTs through π-π stacking interactions and contain a polar moiety, such as a 

carboxylic acid, to stabilize them in water. A summary of the reported dispersions using this 

technique is shown in Table 5. In 2008, Wang and coworkers first demonstrated this with perylene-

3,4,9,10-tetracarboxylic acid tetrapotassium salt (PTAS).[58] After stirring and sonicating BNNTs in 

a 1mM solution of PTAS, the authors obtained BNNT concentrations of ~0.3 mg/mL in water.  Since 

the carboxylic acid moieties make the hybrids dispersible in aqueous solution, the system is pH-

responsive and can exhibit binding to aqueous metal ions.[58] Additionally, after vacuum-

annealing the dispersion, they generated graphitic C species on the BNNT surface, making the 

material a p-type semiconductor.[58] Later, Kim and coworkers tested a variety of aromatic 

molecules, to see what properties were most important for BNNT dispersion.[106] The molecules 

tested were 9-naphthalenecarboxylic acid (NCA), 9-anthracenecarboxylic acid (ACA), 1-

pyrenecarboxylic acid (PCA), 1-aminopyrene (AP), and 1-hydroxypyrene (HP), to investigate the 

impact of the extended aromatic system and/or different polar dispersing groups, on the 

molecule’s ability to disperse BNNTs. They found that PCA dispersed the greatest concentration 

of material, ~17 µg/mL, followed by ACA and AP, which had pretty similar dispersions, then HP, 

and, finally, NCA, which dispersed almost none.[106] Moreover, AFM and TEM images 

demonstrated that PCA and ACA produced dispersions of individualized tubes, while NCA and AP 

gave small bundles. These results indicate that dispersion is improved by increasing the number 

of aromatic rings and using a more polar group for water stabilization, i.e. a carboxylic acid 

performs better than amine or hydroxyl groups.[106] Finally, Emanet and coworkers used 
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Doxorubicin (Dox), a common cancer drug, to disperse BNNTs in PBS.[39] In this case, Dox contains 

a mixture of amino, carbonyl, ether, and hydroxyl groups that can stabilize the BNNTs in solution. 

The group studied how pH impacted Dox loading and release profiles, hoping to make a system 

that would release the drug once it was inside the cell. They found that at lower pH, as would be 

found in lysosomes of cells, Dox release increases.[39] Finally, they loaded folate on the Dox-

BNNTs, for specific cell targeting and tested cellular uptake and toxicity.[39]
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Table 5. Summary of characteristics of BNNT dispersions prepared with aromatic molecules 

Aromatic molecule BNNT synthesis method / source Method of dispersion Dispersion solvent Stability Application Ref. 

PTAS CVD Method stirring and sonication water - B-C-N/BN coaxial 
nanotubes [58] 

NCA, ACA, PCA, AP, 
HP CVD Method sonication and 

centrifugation 
methanol and 

water - - [106] 

Dox synthesized from colemaite using Fe2O3 as 
catalyst stirring and centrifugation PBS - cancer drug nanocarriers  

[39] 
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3.4. Ionic Surfactants 

Surfactants are another type of dispersing agent for BNNTs. These molecules contain a 

polar head group attached to a nonpolar tail and will aggregate into micellar structures when their 

concentration is above the critical micelle concentration. Dispersions with surfactants that have 

been studied are summarized in Table 6. Yu and coworkers first reported the use of the surfactant 

ammonium oleate for making BNNT dispersions in 2009.[107] They found that they could produce 

dispersions of individualized BNNTs that were relatively stable for several months and still 

contained individual BNNTs after 60 days.[107] Ammonium oleate was later used by Nithya and 

coworkers in 2014 and compared to many polymers (see Polymers section 3.1).[38] In 2012, Zheng 

and coworkers utilized sodium dodecylbenzenesulfonate (SDBS) to individualize and disperse 

BNNTs for radial elasticity measurements.[108] The Martí group performed a systematic study of 

4 different ionic surfactants, sodium dodecyl sulfate (SDS), cetyltrimethylammonium bromide 

(CTAB), dodecyltrimethylammonium bromide (DTAB), and cetyltrimethylammonium chloride 

(CTAC), and 4 polymers, Pluronic F108, Pluronic F87, Pluronic L81, and Pluronic 17R4, for BNNT 

dispersion.[93] Here, it was found that the high molecular weight, nonionic polymer, Pluronic 

F108, dispersed the most material , but that ionic surfactants were more selective for BNNTs over 

impurities. Additionally, it was found that cationic surfactants and nonionic polymers produced 

individualized BNNTs in the dispersion, while anionic surfactants dispersed small bundles. AFM 

and Cryo-TEM images can be seen for SDS, CTAB, and Pluronic F108 dispersions in Figure 6.[93] 
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Finally, UV-Vis and DLS measurements determined that all dispersions were stable for at least a 

month.[93] 

 

Figure 6. Representative AFM (a-c) and cryo-TEM (d-f) images of BNNT dispersions in SDS (a, d), 
CTAB (b, e), and Pluronic F108 (c, f). Reproduced from Ref. [93] with permission from the Royal 
Society of Chemistry. (A. D. Smith McWilliams et al. Nanoscale Adv. 2019, 1, 1096-1103.)  
 

In addition, in 2020, the Martí group also synthesized fluorescent surfactants linking 

together a fluorescent dye and an alcohol.[109] One of the synthesized surfactants, composed of 

Eosin Y and a ten-carbon chain, was used to disperse and individualize BNNTs, and they were 

able to be imaged using standard fluorescence microscopy.  BNNTs dispersed with a fluorescent 

surfactant composed of Rhodamine with a 12-carbon chain were also imaged to study their 
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diffusion in aqueous solutions using fluorescence microscopy. Association between the 

surfactant and the BNNT helped provide better imaging contrast, allowing to determine their 

rotational and translational diffusion. [110] 

In 2021, Ko and coworkers reported the purification and length fractionation of BNNTs 

using gel column chromatography.[111] They first studied the dispersion efficiency of several 

different surfactants, in which bile salts sodium cholate (SC) and sodium deoxycholate (DOC) 

showed the best efficiency and no visible aggregates. Aqueous SC was used as the dispersant 

and eluent for the chromatography studies, in which early fractions produced the longest 

BNNTs, with the shortest BNNTs and impurities at the end. Likewise, this year several surfactants 

were studied by Khoury and coworkers to make dispersions that were later used to add the 

BNNTs to polyvinyl alcohol and produce fibers by wet spinning. [112] They also determined DOC 

produced the most nanotubes in dispersion (about 0.57 mg mL-1 of DOC-BNNTs), and were 

stable for weeks stored at 4 °C.  
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Table 6. Summary of characteristics of BNNT dispersions prepared with ionic surfactants 

Ionic surfactant BNNT synthesis method / source Method of dispersion 
Dispersion 
solvent 

Stability Application Ref. 

ammonium olate ball milling and annealing ultrasonication and settling water 60 days - [107] 

SDBS Pressurized vapor/ condenser 
(PVC) method sonication water - - [108] 

SDS, CTAB, DTAB, CTAC, 
Pluronic F108, F87, L81, 

17R4 
From BNNT, LLC Sonication and 

centrifugation water >1 
month - [93] 

Eosin Y surfactant From BNNT, LLC bath sonication water - Fluorescence microscope 
imaging [109] 

Rhodamine B surfactant + 
CTAC From BNNT, LLC tip sonication water - Fluorescence microscope 

imaging and diffusion tracking [110] 

SDS, SDBS, SC, DOC 
High-Enthalpy Plasma Research 
Center at Chonbuk National 

University 

tip sonication and 
centrifugation water - Purification [111] 

SDC, SDS, TTAB, LSZ From BNNT, LLC. 
bath sonication, tip 
sonication and 
centrifugation 

water - Fiber spinning with PVA [112] 
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3.5. Acids and Bases 

Though less commonly used than other methods, acids and bases have also been well 

established as effective BNNT dispersing agents. In particular, Lewis bases and strong protic acids 

have been utilized for this purpose, as they can interact with boron sites or protonate nitrogen 

sites respectively. A summary of each dispersion type is presented in Table 7. 

3.5.1. Lewis Bases 

Since the boron sites in BNNTs are inherently electron-deficient, they can be exploited as 

Lewis acids for functionalization with dispersing agents. In 2007, Pal and coworkers first used this 

method, where BNNTs interacted with trioctylamine, trioctylphosphine, and tributylamine.[57] 

After warming a mixture of base and BNNTs to 70 °C for 12 hours, the BNNTs could produce stable 

dispersions in toluene or other nonpolar solvents at room temperature.[57] In 2020, Chang and 

coworkers reported the dispersion of BNNTs using pyridine as their Lewis base.[23] After tip 

sonicating BNNTs in pyridine and then centrifuging them out of solution, the BNNTs can be 

redispersed in water, THF, DMF, methanol, and acetone. These dispersions, monitored by 

Turbiscan, were stable and uniform after 24 hours in all solvents and after 1 week in ethanol.[23] 

The pyridine-BNNT hybrids were used to prepare composites with polydimethylsiloxane (PDMS), 

epoxy, and PVA fibers, and were utilized as an agent for nanofluids, in order to improve their 

thermal conductivity and/or tensile strength.[23]  
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3.5.2. Protic Acids 

The Pasquali group has pioneered the use of the superacid chlorosulfonic acid (CSA), for 

BNNT dispersion.[60],[113] In 2017, they found that stirring BNNTs in CSA could individualize and 

disperse them, likely through protonation of nitrogen sites.[60] Cryogenic Transmission Electron 

Microscopy (Cryo-TEM) images showed the BNNTs were individualized and filled with acid.[60] In 

2018, they demonstrated the use of CSA for purification of BNNTs from hBN and B 

particles.[113] Additionally, using the purified dispersions, they could prepare BNNT films, mats 

and aerogels [113]  This year, they reported on the formation of liquid crystal domains by using 

CSA to dissolve highly pure BNNTs at concentrations above 170 ppmw (Figure 7a), which can be 

processed into aligned films and fibers, as shown in Figure 7 b and c. [114] 

 

  

Figure 7. a)Cryo-TEM image of highly purified BNNTs in CSA. b) BNNT film made from BNNT 
solution in CSA deposited on a glass slide. c) Segment of fiber made from highly purified BNNTS. 
Reprinted with permission from Ref [114] Material from: Simonsen Ginestra, C. J. et. al., Liquid 
Crystals of Neat Boron Nitride Nanotubes and their Assembly into Ordered Macroscopic Materials, 
Nature Commun.,13 (3136), published 2022, Copyright © 2022 Springer Nature.  
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Table 7. Summary of characteristics of BNNT dispersions prepared with acids or bases 

Acid or Base BNNT synthesis method / source Method of dispersion Dispersion solvent Stability Application Ref. 

trioctylamine, 
trioctylphosphine, 
tributylamine 

Carbon nanotube substitution Mix at 70 °C for 12 
hours and sonication 

Toluene, non-polar 
solvents like 
benzene 

long periods 
of time - [57] 

pyridine RF-ICP system, from Tekna Plasma 
Systems, INC 

tip sonication and 
centrifugation 

water, THF, DMF, 
methanol, acetone, 

ethanol 

24 hours, 1 
week for 
ethanol 

Prepare composites 
with PDMS, epoxy, and 

PVA fibers 
[23] 

CSA 
High temperature Pressure (HTP) 

from National Institute of Aerospace 
/ NASA Langley Research Center 

mixing CSA - - [60] 

CSA HTP supplied by NASA 
mixing, speed-

mixing, 
centrifugation 

CSA - 
purification, make thin 

films, mats, and 
aerogels 

[113] 

CSA From BNNT, LLC speed-mixing, 
sonication CSA - fibers [114] 
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4. Direct Solvation 

Finally, a few methods have been explored for dispersing BNNTs directly into solvents 

without the use of a dispersing agent. These reports either utilize Hansen or Hildebrand 

Solubility Parameters to help determine the dispersion solvent.  

In 2013, Mutz and coworkers first tried to study the Hildebrand Solubility Parameters of 

different BN species with static light scattering and refractometry.[115] They found that these 

parameters are not great indicators for the dispersion of larger particles and materials.[115] In 

2016, Tiano and coworkers also explored solubility parameters, finding that Hansen solubility 

parameters could provide a better indication for dispersion results.[59] Following this method, 

after comparing results from 16 different solvents, they determined DMAc, DMF, acetone, and 

N-methyl-2-pyrrolidone (NMP) were all good solvents for the dispersion of BNNTs, with DMAc 

producing the most uniform and stable dispersions and reaching a concentration of 0.25 mg/mL 

after mild sonication.[59] Utilizing the parameters outlined by Tiano and coworkers, Snapp and 

coworkers showed the viability of using THF to mediate the dispersion of BNNTs in 

polydimethylsiloxane, which has similar Hansen parameter values to BNNTs for dispersion and 

hydrogen bonding forces, but a very different value for intermolecular forces.[116] More 

recently, in 2020, a further investigation of Hansen parameters and solvent dispersibility was 

provided by Torres Castillo and coworkers.[117] They confirmed that DMAc and DMF are good 

solvents, but added that ethanol and isopropyl alcohol should also be considered good solvents. 

Interestingly, acetone and NMP are much lower on their list as compared to Tiano and 

coworkers. Torres Castillo attributes this to the fact that the material they studied went through 
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a round of purification, so the Hansen parameters determined for BNNTs were different than 

what Tiano and coworkers were using. Further investigation into this needs to be considered, as 

methods for purification are constantly evolving.  

5. Outlook and Conclusions 

In summary, there are a wide variety of methods employed for the dispersion of BNNTs 

into solution. Due to differences in structures and properties of aiding agents and solvents, very 

different approaches must often be taken to achieve stable dispersions of each species. BNNTs 

are not very wettable in most solvents and need to be individualized from the nanotube network 

and often, other BN impurities. Molecules that can wrap around the BNNT surface, such as 

biomolecules, polymers, and surfactants, tend to be ideal for preferentially dispersing BNNTs over 

other species.  

As researchers work to propel this area of study forward, a large area of consideration has 

been and continues to be material quality. Although a variety of synthesis[2],[6],[118],[119] and 

purification[17],[25],[120]–[122] methods have been developed, production of BNNTs in bulk 

results in the formation of other BN impurities, such as hBN, BN cages, cubic BN, or B particles, 

that can be extremely difficult to remove due to similarities in their properties to those of 

BNNTs.[123],[124] This also presents a significant challenge in differentiating the impurities in any 

sort of bulk measurement. Generally, qualitative techniques are the standard method for 

determining the quality of material, so most researchers will include TEM or SEM images as an 

indication of purity. There have been a few attempts at giving a more quantitative component to 
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the evaluation of quality using bulk techniques such as TGA, FTIR, Raman, XPS, and 11B NMR. 

[125],[126] These methods have proven useful for determining certain characteristics such as 

boron oxide or boric acid content. However, the challenge with these techniques is that it is 

particularly difficult to differentiate between the various allotropes of BN impurities, which is 

compounded, as mentioned above, by the fact that different synthesis methods produce different 

impurities. Furthermore, there is presently no bulk method for determining the morphology of 

individual BNNTs, like there is with the chirality-dependent fluorescence for semiconducting CNT 

[127] or the RBM region in Raman for CNTs.[128] There is some indication that extensional 

rheology can be used for aspect ratio determination, though this is highly specialized. [114] 

Moreover, any methodology for dispersion must consider that the type of impurity present in the 

sample can impact the overall dispersibility of the material. For instance, large BN cages may hold 

together BNNT aggregates making it much more difficult to break apart a large nanotube network. 

On the other hand, hBN impurities may wrap around smaller bundles of BNNTs, impeding the 

individualization of those nanotubes. Furthermore, the techniques for purification vary as much 

as those for dispersing BNNTs. Dispersion and purification techniques that work well for one type 

of material may be ineffective for another, due to differences in the impurities present in each. 

These impurities can be related to the different BNNT production method employed, such as 

chemical vapor deposition (CVD) or the pressurized vapor/condenser (PVC) method. Another 

consideration is that as large-scale BNNT manufacturers work to improve the quality of their 

product, the types and quantities of these impurities change, meaning the material used in early 

studies of BNNT dispersions may no longer be available today, and the ones in use today may 

behave differently. Due to these differences in material quality, which are sometimes vast, 
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reproduction of results and continued growth from the current state-of-knowledge in BNNT 

dispersion will rely heavily on researchers developing a uniform method for reporting the type of 

BNNT material used in their study. Therefore, the application of a single dispersion technique to 

various types of BNNT materials could provide much more insight into how different impurities 

impact dispersion quantity and quality.  

Another key area that needs to be addressed for BNNT dispersion research is the 

assessment of the dispersions. As can be seen from the studies presented in this review, there is 

not a consensus on what constitutes a dispersion, let alone any method for determining the quality 

of such a dispersion. Often, the application will determine the necessary properties of the mixture. 

Some studies work on determining characteristics of the dispersions, such as their concentration 

or stability, while others focus on preparing a dispersion that works for their desired application 

without consideration of other properties. This second approach is useful for their specific end 

goal, but there is lost information regarding the characteristics of the dispersions prepared. A 

more systematic approach to the assessment of BNNT dispersions will give us, as a community, 

more information on how different synthesis methods compare in the dispersed final product.  

The primary characteristics that we have identified in this review are individualization of tubes, 

concentration, and stability. Individualization of tubes helps to create a homogenous dispersion, 

which provides a more uniform distribution of material and, for most applications, will maximize 

the properties sought after. As shown in some works, this can be determined by imaging samples 

of the dispersions through AFM or more specialized techniques like Cryo-TEM. 

[60],[93],[106],[111],[114] Concentration will help to compare different synthesis methods and 

solvents used to better standardize dispersants and provide insight into trends. Getting the final 
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concentration of BNNTs has been obtained through UV-Vis by calculating the extinction 

coefficient, or by mass conversion. [84],[93],[106],[112] Control over the concentration of BNNTs 

in solution is necessary for processing dispersions into macroscopic materials. Stability of the 

dispersion can provide insight into the thermodynamics or kinetics of the dispersed BNNTs in a 

particular solvent and is related to the quality of the dispersion. The stability of the dispersion is 

addressed in some of the works by measuring the amount of time it takes for BNNTs to settle out, 

while others have relied on zeta-potential or UV-Vis absorbance. This might not be as important if 

the dispersion is integrated right away within another matrix for the application or made into a 

macroscopic material. Most procedures include a centrifugation or settling step to retain only 

what is stable in the dispersion, so having a standard for this will also help to identify trends.  

An additional consideration that needs to be discussed is regarding the mechanical 

dispersion techniques utilized. There is significant variance in the methods used for mechanically 

dispersing the material such as stirring, grinding/milling, tip sonication, bath sonication, and 

heating under reflux. With each of these, there is some amount of energy being imparted to the 

system and therefore some chemistry can happen, as outlined throughout this review. Indeed, 

several researchers rely on this chemistry to functionalize the tubes in order to promote the 

dispersion they are intending. The challenge here is that, again, there is not a systematic 

evaluation of the effect a particular method will have on the final dispersion. As such, we have 

outlined each method in the tables in this review to help identify this as a necessary variable that 

needs consideration.  Standardization of mechanical dispersion, just as standardization of analysis 

of dispersion, will better enable the community to identify trends. 
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It is important to stress that the ultimate applications of the BNNTs is paramount, so some 

or all these characteristics may not be important based on the application. For example, those 

working to utilize BNNTs for biomedical applications, such as drug delivery or imaging, can work 

with smaller yields of well-dispersed material,[32],[39],[41],[129]–[131] and prefer aqueous 

media. On the other hand, others who want to achieve industrial-scale production of BN materials 

and composites must focus their efforts on increasing the dispersion yield substantially. 

Furthermore, we must keep in mind the feasibility, cost, and safety concerns associated with 

scaling up their procedure to an industrial scale. Finally, if removal of the dispersing agent would 

be required in the end product, one must consider how this can be achieved without damaging 

the material’s final structure or properties.  

There is no doubt that the contributions from a broad range of scientists to develop 

methods for BNNT dispersion have provided a solid foundation for understanding these 

materials. These initial studies will certainly foster the continued development of these 

techniques until they can be applied at an industrial scale. The knowledge obtained will lead to 

better-informed decisions on the type of dispersion needed for particular applications, 

ultimately making applications such as drug delivery, exceptionally strong and thermally stable 

materials, and advanced electronic devices using BNNTs feasible and accessible to everybody.  
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Abbreviations 

((-)PPP) poly(p-phenylene) 

ACA  9-anthracenecarboxylic acid 

AFM  Atomic Force Microscopy 

AP  1-aminopyrene 

APTES  (3-aminopropyl)triethoxysilane 

ATRP  Atom transfer radical polymerization 

BN  Boron Nitride 

BNNTs  Boron nitride nanotubes 

BOCVD  Boron oxide chemical vapor pressure 

CNTs  Carbon nanotubes 

Cryo-TEM Cryogenic Transmission Electron Microscopy 

CSA  Chlorosulfonic acid 

CTAB  cetyltrimethylammonium bromide 

CTAC  cetyltrimethylammonium chloride 

CVD  chemical vapor deposition 

DLS  Dynamic light scattering 

DMAc  N,N-dimethylacetamide 

DMF  N,N-Dimethylformamide 

Dox  Doxorubicin 

DSPE  1,2,-distearoyl-sn--glycero-3-phosphoethanolamine-N 

DTAB  dodecyltrimethylammonium bromide 

EDC  1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

f-BNNTs Functionalized boron nitride nanotubes 



 56 

FMN  Flavin mononucleotide 

FTIR  Fourier Transform Infrared Spectroscopy 

HABS  hydrogen assisted BNNT synthesis 

hBN  Hexagonal boron nitride 

HP  1-hydroxypyrene 

HTP  High temperature pressure 

HR-TEM High resolution transmission electron microscopy 

IR  Infrarred 

MAA  Methacrylic acid 

mPEG  methoxy-poly(ethylene glycol) 

NCA  9-naphthalenecarboxylic acid 

NIPAM  N-isopropylacrylamide 

NMP  N-methyl-2-pyrrolidone 

NMR  Nuclear magnetic resonance 

P3HT  poly(3-hexyl-thiophene) 

P4VP  poly(4-vinylpyridine) 

PAA  poly(sodium acrylate) 

PBS  Phosphate buffered solution 

PCA  1-pyrenecarboxylic acid 

PD  polydopamine 

PDMS  Polydimethylsiloxane 

PEG  Polyethylene glycol 

PEI  polyethyleneimine 

PFO  poly(9,9-dioctylfluorenyl-2,7-diyl) 

PFO-BPy poly(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(6,6-[2,2bipyridine]) 

PLL  Poly-L-lysine 
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PMMA  Polymethylmethacrylate 

PmPV  poly[m-phenylenevinylene-co-(2,5-dioctoxy-p-phenylenevinylene)] 

PPE  poly(p-phenylene-ethynylene) 

PS  Polystyrene 

PSS  poly(sodium styrene sulfonate) 

PT  polythiophene 

PTAS  perylene-3,4,9,10-tetracarboxylic acid tetrapotassium salt 

PVA  Polyvinyl alcohol 

PVC  pressure/vapor condenser 

PVP  polyvinylpyrrolidone 

PVS  poly(sodium vinyl sulfonate) 

PXT  poly(xylylene tetrahydrothiophenium chloride) 

Py  Pyridine 

RBM  radial breathing mode 

RF-ICP  high radio frequency induced coupled plasma 

rra-P3HT Regiorandom- poly(3-hexyl-thiophene) 

SC  Sodium chocolate  

DOC  sodium deoxycholate 

SEM  Scanning electron microscopy 

SDS  sodium dodecyl sulfate 

TGA  Thermogravimetric Analysis 

THF  Tetrahydrofuran 
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