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Abstract 

Optically emissive nanoparticles have begun to find applications in fields ranging from 

domestic flat screen displays to clinical biomedical treatment, spurring the development 

of luminescent nanomaterials. Due to their tunable optical and electrical properties via the 

quantum confinement effect, traditional QDs have stimulated a significant amount of 

fundamental research into nanoscale luminescence phenomena as well as a rapid growth 

of consumer products that are made of QDs. However, the commercialization of QD-

based products has aroused safety concerns towards the ecosystem as well as human 

health, considering the potential leakage of heavy metal contents, such as cadmium, into 

the environment. Therefore, it is desirable to design and prepare eco-friendly luminescent 

nanomaterials with comparable, or even improved, performance to replace traditional QDs.  

In recent years, group IV elements (e.g., C, Si, and Ge) based fluorescent materials, such 

as carbon dots, Si or Ge semiconductor nanocrystals, are finding favor in researchersô eyes 

as they are conventionally considered as non-toxic elements and pose negligible influence 

on both the environment and human health. Under such context, this thesis work is focused 

on the preparation and bio-imaging applications of polymeric carbon dots as well as the 

bacterial toxicity assessment of CDs as well as Si and Ge nanocrystals using an 

environment-related bacterium, Shewanella oneidensis MR-1. 

Specifically, Chapter 1 summarizes recent progress in the syntheses and applications of 

multicolor CDs. Chapter 2 discusses how the doping with phosphorus influences the 

optical properties of citric acid-based CDs. Chapter 3 represents how photoblinking malic 

acid-based CDs are applied for super-resolution bio-imaging experiments and how as-
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made CDs are separated into different colored fractions efficiently. Chapter 4 and 5 assess 

how the doping of Group IV nanocrystals with boron and phosphorus induces the 

generation of ROS and as such, induces toxicity to bacteria. Finally, in Chapter 6, an 

automatic separation method is developed to purify as-made citric acid-based CDs and 

obtain multicolor CD fractions. 

In summary, by carefully examining the influence induced by doped phosphorus, this 

work has revealed that the doping with P did not improve the photoluminescence 

properties of polymeric carbon dots but may enhanced their photostability. In addition, 

undoped or lightly doped carbon dots were non-toxic in most cases. Moreover, one of the 

carbon products, malic acid carbon dots were tested to be suitable for super-resolution 

localization microscopy and after a reversed-phase separation, it was confirmed that the 

particle size influenced the optical properties of individual carbon dot components. On the 

other hand, via a complete materials characterization and toxicity measurements, it has 

been revealed that the doping with boron and phosphorus did not lead to structural 

variation to silicon and germanium nanocrystals but result in bacterial toxic effects. 
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1.1 Overview 

Due to the prominent characteristics of carbon-based luminescent nanostructures (known 

colloquially as CDs), such as inexpensive precursors, excellent hydrophilicity, low 

toxicity, and intrinsic fluorescence, these nanomaterials are regarded as potential 

candidates to replace traditional QDs in some applications. As such, research in the field 

of CDs has been increasing in recent years. In this mini-review, we summarize recent 

progress in studies of multicolor CDs focusing on potential photoluminescence 

mechanisms, strategies for effective syntheses, and applications in ion/molecule and 

temperature sensing, and high-resolution bioimaging techniques. 

1.2 Introduction 

The first report on the discovery of ñfluorescent carbon fragmentsò in 2004 triggered 

research interest in carbon-based luminescent dots, namely, CDs.1 Typically, CD refers to 

zero-dimensional fluorescent or phosphorescent carbon nanostructures, where the particle 

size is typically around 10 nm.2-5 Up to now, there has not been a well-defined 

categorization among CDs, but conventionally, CDs with discernible crystalline lattices 

are named as GQDs (with a single graphene layer) or CQDs (with multi graphene layers) 

while CDs with an amorphous nature are named as CNDs or non-conjugated PDs; 

specifically, GQDs or CQDs can be synthesized via top-down methods, such as acid 

treatments of bulk carbon sources (e.g., anthracite coal or carbon black)6, 7 while a bottom-

up approach is usually applied to prepare CNDs or PDs using small organic molecules 

such as citric acid and dopamine.8-10 
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Figure 1.1. The summary of carbon dot publication since 2005, analyzed via Web of Science up to April 

25th, 2019. Search criteria: TOPIC: (carbon dots) OR TOPIC: ("carbon quantum dots") OR TOPIC: 

("graphene quantum dots") OR TOPIC: ("carbon nanodots") OR TOPIC: ("non-conjugated polymer dots") 

NOT TITLE: ("quantum dots"). 

Typically, CDs are characterized by broad choices of inexpensive precursors, ease of 

synthesis and surface functionalization, bright luminescence, excellent photostability, and 

superior biocompatibility.3, 8, 11, 12 Hence, CDs have the potential to replace traditional 

semiconductor nanocrystals QDs, which are usually high-cost and raise environmental 

concerns due to their heavy metal content.13, 14 Consequently, CDs have become a fast-

growing field, attracting an increasing number of researchers to refine synthesis strategies, 

improve optical and optoelectronic properties, and develop CD-based applications, such 

as selective sensing,15-19 target-specific bioimaging,12, 20-22 environmental remediation,23 

LED,24-28 energy conversion devices,29-32 and photocatalysis10, 33, 34. As shown in the 

publication analysis (Figure 1.1), in recent decades, publication efforts on CDs are robust, 

especially after 2012, making CDs a hot research topic in nanoscience. 
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However, most of the reported CDs only emit intense blue or green luminescence, 

especially for  popular citric-acid based CDs.4, 35-39 Compared to traditional QDs, such a 

narrow emission window and short emission range (~450 to 560 nm) limits the 

development of CD-based applications, such as color-coded sensing systems and full-

color LED devices. Therefore, to make the most of the potential of CDs, it is necessary to 

seek CDs covering more of the visible/IR spectrum, as is possible with traditional QDs. 

Fortunately, in recent years, publications on multicolor emitting CDs or long-wavelength-

emitting CDs have increased, and quite a few inspiring studies have been reported. Herein, 

this review will provide a summary of several prevalent hypotheses regarding the origin 

of the CD photoluminescence and synthesis success of multicolor CDs as well as related 

applications, all topics that are active challenges in the field. The overall goal of this mini-

review is to present a clear overview of current achievements and challenges in the field 

of multicolor CDs. 

1.3. Hypotheses for the photoluminescence mechanism of CDs 

It is necessary to gain a thorough understanding of the CD luminescence phenomenon 

before these optical properties can be readily tuned as is possible with traditional QDs. 

Unfortunately, due to the diversity and complexity of CDs, there is not an accurate 

description of the CD structure, let alone their photoluminescence mechanism. Up to now, 

several hypotheses have been proposed to explain the origins of the emission from CDs, 

such as size-dependent emission (the quantum confinement effect), surface state-derived 

luminescence, and embedded molecular luminophores. 

1.3.1 Size-dependent emission 
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As the particle size distribution of typical CDs (~10 nm) is comparable to the quantum 

size range, some research groups believe that, similar to the traditional QDs, the size-

dependent quantum confinement effect, contributes to the luminescence emission of 

CDs.40-45 Yuan and co-workers generated a series of nitrogen-doped, surface-passivated, 

and highly crystalline CQDs by tuning the fusion and carbonization of citric acid and 

diaminonaphthalene via a bottom-up solvothermal method.25 Interestingly, by carefully 

controlling the synthesis conditions, the emission of the five CQD products were adjusted 

from blue (430 nm) to red (604 nm). In addition, as the maximum excitation wavelengths 

were in line with the corresponding excitonic absorption peaks, the authors claimed that 

the emission should be attributed to band-edge exciton-state decay rather than 

surface/defect states. Moreover, by carefully examining the particle size and height 

distribution via TEM and AFM, respectively, it was observed that along with the emission 

red-shift, the average CD diameters increased from 1.95 nm (blue CDs) to 6.68 nm (red 

CDs). As such, authors deduced that the red-shifting emission revealed the bandgap 

transitions in CDs derived from the quantum confinement effect. In our previous work on 

malic acid-based CDs, we applied reversed-phase column chromatography to separate as-

synthesized polymeric CD products (of which the emission was excitation dependent).20 

Three main CD fractions were obtained after the chromatographic purification, emitting 

blue, turquoise green, and greenish yellow. The size distributions of these CDs were 

observed to increase from 6.2 ± 2.0 to 9.2 ± 1.7 to 15.6 ± 6.0 nm, corresponding to 

decreasing optical bandgap energies from 2.97 eV to 2.91 eV to 2.21 eV. Even though the 

size-dependent emission mechanism is supported in some cases, other studies were unable 
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to find a correlation between size and emission wavelength.46, 47 Thus, other 

photoluminescence mechanisms are being explored, such as surface state and molecular 

luminophore. 

1.3.2 Surface state-derived luminescence 

Using either top-down or bottom-up synthesis routes, a high temperature (typically 100-

200 °C) is necessary to break down carbon precursors or polymerize/carbonize molecular 

precursors. Therefore, CD reactions are highly reactive (e.g., subject to oxidation and 

localized carbonization) and consequently, the chemical environments on the CD surfaces 

are potentially diverse and complicated. One can expect sp2/sp3 hybridised carbons, 

surface defects, and other functional groups.48-52 As these surface moieties possess 

different energy levels, some researchers agree that the surface states of CDs should 

influence the multicolor emissions.35, 47, 48 Ding and co-workers applied a one-pot 

hydrothermal method to prepare CD mixtures, and after a thorough chromatographic 

separation, luminescent CD fractions were obtained covering almost the entire visible 

range.53 TEM was used to determine the CD size ranges as well but it was found that the 

particle size distributions were quite broad. Thus, the authors did not attribute the variable 

emission properties to the quantum size effect. On the other hand, after carefully 

comparing the oxygen atom percentages among four representative CD samples, they 

observed that an increase of carboxyl content and degree of oxidation corresponded with 

the red shift of CD emissions. As LUMO is influenced by oxygen species,47 they claimed 

that the band gaps between HOMO and LUMO should decrease corresponding to the 
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intensifying surface oxidation of CD samples, leading to a red shift in the 

photoluminescence emission. 

1.3.3 Molecular luminophores 

Molecular luminophore-derived emission or molecular state emission is another prevalent 

hypothesis for CD emission upon preparation by bottom-up methods.54-59 Considering the 

existence of active functional groups (e.g., carboxyl and amine groups) within the 

structures of molecular precursors (e.g., citric acid and p-phenylenediamine), these carbon 

precursors can readily react with one another and undergo further condensation, 

polymerization, and carbonization, forming the final CD products. However, as bottom-

up methods support highly reactive conditions (e.g., a high reaction temperature, high 

pressure, and/or a long reaction time),55, 60-62 it is reasonable to expect other side reactions 

as well. In other words, small molecules or even oligomeric luminophores can be 

produced during CD synthesis and as such, these luminophores can be covalently attached 

to the surface of CD backbones, granting CDs bright emission characteristics. Recently, 

Rogach and coworkers hydrothermally synthesized three different CDs by reacting citric 

acid with three different amine precursors (e.g., ethylenediamine, 

hexamethylenetetramine, and triethanolamine).36, 55 They carefully characterized the 

chemical environments of carbon and nitrogen species within the CDs via X-ray 

photoelectron spectroscopy, and compared their optical performance with that of 

citrazinic acid, a molecular fluorophore belonging to the pyridine family. This study 

confirmed the presence of the derivatives of citrazinic acid and as such, their contribution 

to the blue fluorescence of ethylenediamine-CDs (e-CDs) and hexamethylenetetramine-
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CDs (h-CDs). Moreover, they claimed that fluorescent citrazinic acid derivatives were 

attached to e-CDs and h-CDs by comparing their photoluminescence lifetimes to that of 

pure citrazinic acid. Zhang and co-workers also proposed an intriguing mechanism that 

the hydrogen bond effect between CD molecular states and solvents may be responsible 

for the red emission observed from their five CD samples.63 They prepared five red-

emitting CDs by reacting p-phenylenediamine in five different polar solvents, that is, 

water, ethanol, dimethylformamide, cyclohexane, and toluene. Interestingly, due to 

solvation effects, the CD emission can be adjusted from green to red (540ï614 nm). 

Furthermore, by applying a variety of theoretical models, they thoroughly evaluated the 

influence of polarization and hydrogen bonding effects on the expected emission 

variations for the CDs. With these data, they argued that hydrogen bond-dominated 

molecular state emission was the main mechanism responsible for the spectral shifts. 

1.4 Syntheses of multicolor CDs 

Because there is not a decisive understanding about how the CD structure contributes to 

their luminescence, it remains a challenge to fine-tune the emission wavelengths of the 

final CD products via adjusting synthesis conditions. In the past decades, most of the 

reported as-synthesized CDs emit blue or green;64-67 however, it is desirable that CDs can 

luminesce across and beyond the visible spectrum comparable to their QD counterparts; 

specifically, long-wavelength emission (e.g., red or even near infrared regions) can 

provide deeper penetration depths for biological microscopy applications.64, 68 In fact, 

quite a number of synthesis successes for multicolor- and long-wavelength-emitting CDs 
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have been reported; this section summarizes these achievements based on the  critical 

synthesis element: precursor screening, solvent engineering, or refining via separation. 

 

Figure 1.2. (a) blue, yellow, and orange emitting CDs prepared from phenylenediamine derivatives. 

Adapted with permission from Ref76; (b) multicolor CQDs obtained by the assembly of phloroglucinol 

molecules. Adapted permission from Ref42; (c) the emissions of CDs were tuned  from the blue (482 nm) to 

the near-infrared (680 nm) region by adjusting the ratios of polythiophene derivatives. Adapted with 

permission from Ref77 

1.4.1 Precursor screening for multicolor CDs 

The choice of carbon precursors plays a critical role in the generation of multicolor CDs. 

Typically, in top-down approaches, bulk carbon sources with crystalline character are 

chemically or physically ñbroken downò to obtain GQDs or CQDs. Common precursors 

include carbon fibers,69 single/multi- wall carbon nanotubes,70, 71 and other carbon-rich 

chemicals.72, 73 Yuan and co-workers synthesized single-layer and single-crystalline 

GQDs by refluxing C96H30 with fuming nitric acid, followed by hydrothermal treatment 

at 200 oC.64 These GQD products exhibited a uniform particle size distribution and more 

importantly, their optical properties, such as absorption, photoluminescence, and two-

photon photoluminescence, were highly dependent on the size of GQDs; that is, redshifts 

in emission were observed as the size increased. It is worth noting that an oxidation 
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treatment using phosphoric acid during CD synthesis is nearly a universal component 

when obtaining long-wavelength-emitting CDs. For example, Gong and co-workers 

produced N, P-codoped CDs using a one-step acidic oxidation of pumpkin by H3PO4.
74 

These CDs emitted at 550 nm (yellow fluorescence), corresponding to an optimized 

excitation of 425 nm. In recent work by Jiang and co-workers, red-emitting CDs were 

obtained by carbonizing sugar cane bagasse with concentrated H2SO4 and H3PO4 at 100 

oC. Moreover, these CDs can be coated onto polyvinyl fluoride membranes for the 

fabrication of a solid-state fluorescent vapor sensor, which could selectively detect and 

quantify the level of toxic ammonia gas.75 

Compared to these top-down synthesis, bottom-up methods are typically accomplished 

using a high-temperature solvothermal environment to assemble molecular or polymer 

precursors, such as small organic acids, aniline derivatives, phenol derivatives, and 

polythiophene derivatives, into CD structures. 

The most common small organic acid used for the syntheses of CDs is citric acid, 

originally characterized by emission of intense blue fluorescence;45, 78-80 however, in 

recent years, several break-throughs have been reported where citric acid-based CDs can 

fluoresce in other spectral regions.26, 81-84 For example, Hola and co-workers reacted citric 

acid with urea in formamide at 180 °C for 12 hours and then the obtained as-synthesized 

mixture underwent a chromatographic separation in an anion-exchange column.81 CD 

eluents were collected using water and hydrochloric acid as the mobile phase, and the 

resulting emissions covered the entire visible range. Based on theoretical models, the 

authors ascribed the multicolor luminescence to the presence of graphitic nitrogen. 
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In addition to citric acid, aniline derivatives, such as phenylenediamine (PD), are another 

common molecular precursor that is gaining increasing attention in the last decade.25, 46, 

53, 63, 76, 85-87 Chen and coworkers reported their synthesis work of three different 

luminescent CDs using o-phenylenediamine, m-phenylenediamine, and p-

phenylenediamine as carbon sources.76 The PD precursors were dissolved in formamide 

and heated in a microwave reactor at 160 ęC for 30 minutes, after which the as-prepared 

mixtures were further purified by silica column chromatography and dialysis against 

ethanol. The obtained CD products fluoresced independently of excitation wavelengths, 

in the blue (444 nm), yellow (533 nm), and orange (574 nm) ranges upon optimized 

excitations. Based on the facts that the quantum yield was enhanced with increased 

nitrogen content and that the emission red-shifted with increased C=O/-CONH- content, 

the authors posit that the luminescence properties are impacted significantly by the surface 

states, that is, nitrogen-containing functional groups and the degree of oxidation. Liu et.al. 

chose o-phenylenediamine and phthalic acid as precursors and applied a one-pot 

solvothermal method to prepare as-synthesized CD mixtures.86 A subsequent 

chromatographic purification was conducted to precisely separate them into three different 

colored products (green, yellow, and orange). After a systematic analysis, the authors 

suggest that the emission from the green and yellow CDs can be attributed to the quantum 

size effect while the surface defects induced by oxidation is responsible for the orange-

emitting CDs. 

In addition to aromatic phenylenediamines, phenol derivatives are also finding increased 

use in the synthesis of multicolor-emitting CDs.42, 88-93 Yang and coworkers published 
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their inspiring design of the assembly of phloroglucinol molecules into multicolor 

triangular CQDs via a six-membered ring cyclization.42 They skillfully controlled the 

propagation of the ring cyclization by applying varied amounts of the catalyst, 

concentrated sulfuric acid, and as such, fine-tuned the sizes of CQDs from 1.9 to 3.9 nm. 

Along with the increase of the CQD sizes, the emissions red-shifted from 472 to 598 nm 

and fluoresced four different colors (i.e. blue, green, yellow, and red) corresponding to a 

decrease in optical bandgap energies from 2.63 to 2.07 eV, which was ascribed to the 

quantum confinement effect. In addition, as revealed by X-ray powder diffraction, high-

angle annular dark field scanning TEM, and high-resolution TEM, the entire set of CQDs 

exhibited sharp (002) diffraction peaks and well-defined crystalline lattice fringes of the 

(100) plane, indicative of the highly crystalline nature of these CQD products. 

Furthermore, DFT simulation studies provided insight that electron-donating hydroxyl 

groups on the surface of highly crystalline CQD reinforce the charge delocalization and 

restraine the coupling of electrons and photons, contributing to the high color-purity and 

narrow emission bandwidth (FWHM of 29-30 nm). 

Polymers consisting of aromatic monomers, such as polythiophene derivatives, can also 

be used to synthesize multicolore CDs.77, 94-97 Wang and coworkers are taking the lead in 

designing tunable multicolor-emitting CDs using polythiophene derivatives as starting 

agents.77 In this work, they hydrothermally reacted mixtures of two polythiophene 

derivatives and, by adjusting the ratios of polythiophene derivatives, the emission of final 

CD products were tuned from the blue (482 nm) to the near-infrared (680 nm) region 

while using a single excitation wavelength of 400 nm. Additionally, as these 
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polychromatic CDs exhibited similar size distributions, the authors deduced that the size 

effect is not responsible for the luminescence. Instead they suggest that differences in CD 

surface states induced by doping with heteroatoms, such as nitrogen and sulfur, may be 

responsible and require further investigation. 

Overall, though small organic compounds, such as citric acid, used to be the dominating 

precursors for the preparation of highly luminescent CDs, they tend to yield as-

synthesized CD mixtures with extremely complicated compositions, due to their relatively 

high chemical reactivity and various reaction pathways under high-temperature 

hydrothermal or solvothermal synthetic conditions. On the other hand, with the goal of 

achieving some control over the structure of colloidal particles to design multicolor 

emitting CDs, researchers are more often turning to carbon sources with well-defined 

molecular structures and relatively predictable reaction routes, such as aromatic 

compounds that are known to form graphene-like CD structures via controllable syntheses. 

However, beyond the relatively high expenses of these aromatic chemicals, CD 

researchers should also be aware of their high toxicity and their potential hazardous 

influence on the environment and humans.98-101 Moreover, aniline and phenol derivatives 

are subject to oxidation in ambient environments102, 103 and as such, they demand air-free 

and low-temperature storage conditions, which may eventually increase the synthesis or 

application cost. Therefore, it remains a challenge and requires further exploration to 

understand how to prepare these "aromatic" multicolor CDs in an eco-friendly and 

economical manner as those traditional CDs, such as citric acid-based CDs. 

1.4.2 Solvent engineering for multicolor CDs 
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Figure 1.3. (a) Multicolor CQDs synthesized by tuning the composition and ratios of reaction solvents 

(water, DMF, ethanol, and acetic acid). Adapted with permission from Ref104; (b) The solvatochromism of 

CDs induced by the polarity difference of solvents: CCl4, toluene, CHCl3, acetone, dimethylformamide, 

CH3OH and H2O. Adapted with permission from Ref110 

In the case of the ñsolvent cocktailò approach, Wu and coworkers recently applied a 

distinguished molecular fusion strategy and synthesized multicolor CQDs via tuning the 

composition and ratio of reaction solvents, including water, DMF, ethanol, and acetic 

acid.104 In this way, the bandgaps of CQDs were solvent-engineered from 2.89 down to 

2.15 eV, covering the spectral emission range from 460 to 620 nm (Figure 1.3a). In 

addition, their optical properties were tested in nonpolar solvents as well to rule out the 

solvatochromism of CDs induced by the solvent polarity and the spectral characteristics 

were similar to those of quantum dots. Solvents were found to alter the elemental 

composition and functionalization of CDs. Thusthey claimed that the mechanism of their 

multicolor emission should be ascribed to the quantum size effect and surface functional 

groups. In contrast, though solvatochromism achieved by post-treatment may not be 

considered a true synthesis approach, it can serve as a convenient and temporary method 

to tune the emission of CDs in specific solvents.51, 110-112 The p-phenylenediamine-based 
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CDs prepared by Wang and co-workers exhibited solvent-dependent but excitation-

independent emissions from 511 to 615 nm (e.g., from dark green to red) upon the 

dissolution in CCl4, toluene, CHCl3, acetone, dimethylformamide, CH3OH and H2O, 

respectively (Figure 1.3b).110 In addition, based on their X-ray photoelectron spectroscopy 

and FTIR results, they qualitatively demonstrated that the heteroatoms that are attached 

to the CD structures, such as nitrogen and oxygen, contribute to an increased charge carrier 

density, promoting charge transfer of electrons. Therefore, they deduced that these CDs 

behave like organic dyes, where the arrangement of electrons on the CD surfaces can be 

affected by the dipole moment of solvents; that is, alongside the increase of solvent 

polarity, the bandgaps gradually decrease, leading to emission redshifts. 

1.4.3 Separation or purification methods for as-synthesized CD mixtures 

In general, the syntheses for CDs requires a high-temperature (~100 to 250 °C) for either 

the break-down of bulk carbon (the top-down method) or the carbonization of precursors 

(the bottom-up method) and so, under such a highly active reaction condition, it is 

challenging to carefully control of the formation of CDs. As a result, most as-synthesized 

CD mixtures are composed of unreacted precursors, molecular compounds that are 

luminescent or not, oligomers or polymers that are carbonized or not, graphene or 

graphene oxides of varied layers, and amorphous carbons that are doped with heteroatoms 

or not, depending on the types of carbon sources and reactions.4, 113-116 Some of these 

components are photoluminescent while the rest are not and moreover, the fluorescent 

components can emit distinctive colors upon varied excitation. Thus, even though in 

recent years, reports about CDs with excitation-independent emission are increasing,117, 
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118 as-synthesized CDs are still well-known for their excitation-dependent emission.48, 51, 

119, 120 Under such circumstance, it is necessary to purify or separate CD blends before 

well-defined CD samples are available for studies of luminescence mechanism or the 

development of CD-based applications. 

Typically, CD researchers perform a two-step post-treatment to refine CD mixtures: 1) a 

rough purification by dialysis, filtration or centrifugation and 2) a thorough 

chromatographic separation, such as LLE and SPE.4, 34, 121 

In most cases, step one is used to remove unreacted starting chemicals, by-products of low 

MW, and bulk residuals induced by over carbonization. While this first step is usually 

intended for preparation for the more thorough separation, there are a few reports where 

multicolor CDs were obtained in this first step. For example, the as-prepared CDs by Bao 

and co-workers were synthesized by oxidizing carbon fibers with nitric acid, followed by 

an effective ultrafiltration of CD.43 Specifically, multicolor CD fractions (from blue 

fluorescence to red) were obtained via applying ultrafiltration membranes with an 

increasing MW equivalents, that is, < 3, 3-10, and 10-30 kDa. And interestingly, the 

obtained CD particle diameters also showed an increasing tendency: 2.7 ± 0.4, 3.3 ± 0.6, 

and 4.1 ± 0.6 nm. In addition, the authors carefully examined the influence of reaction 

time and the concentration of nitric acid, and it turned out that these two factors could lead 

to emission variation as well. As such, they concluded that both the size effect and the 

surface oxidation are important for determining the optical properties of their CDs. 

For the second step, the separation of CDs via column chromatography often involves 

LLE or SPE. With the LLE approach, successful separation cases for crude CDs take 
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advantage of normal or reverse phase silica column chromatography, anion-exchange 

column chromatography, or HPLC.20, 53, 122, 123 Lin and coworkers recently utilized o-/m- 

phenylenediamine and tartaric acid as precursors for CD syntheses.46 The as-synthesized 

CDs were further purified with a silica column using methylene chloride and methanol as 

mobile phases, leading to multicolor CD fractions emitting blue, green, yellowish green, 

and red. Additionally, it was observed that the addition of tartaric acid could induce a red-

shifted emission but the size distributions of blue (6.0 nm) and yellowish green (8.2 nm) 

fractions were larger than those of the green (3.6 nm) and red (4.8 nm) counterparts, as 

revealed by transmission electron microscopy and atomic force microscopy. As such, the 

authors inferred that the quantum size effect was not responsible for the luminescent 

properties, but rather the surface oxidation and carboxylation caused by the addition of 

tartaric acid. Though LLE methods have become a prevalent strategy for CD post-

treatments, the use of a significant amount of organic solvents and the high cost of 

separation apparatus such as HPLC instruments hamper the scale-up of LLE-based 

separation techniques. On the other hand, as SPE approaches are less costly and easier to 

scale-up, they can be another promising option worthy of consideration. Georgakilas and 

coworkers recently reported their work on the solid-phase separation of as-synthesized 

CDs using their self-developed aluminium column.124 To prepare the CDs, citric acid and 

diamines (e.g., triethylenetetramine and o-phenylenediamine) were chosen as precursors, 

and their solution in water or ethanol underwent hydrothermal treatment, resulting in the 

as-prepared mixture. Then, these crude CDs were examined by TLC to distinguish CDs 

from undesired organic compounds such as by-products or unreacted precursors. 
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Meanwhile, based on the TLC results, the compositions of mobile phases were optimized 

for the follow-on SPE operation, leading to a simple and effective purification for violet-, 

blue-, green-, and yellow-emitting CDs. 

As mentioned above, the CD field has largely come to a consensus that it is essential to 

purify or separate the as-synthesized CDs to achieve refined multicolor CD fractions for 

further studies. However, due to the complexity of as-synthesized CD mixtures and the 

lack of understanding the structural details of desired CD fractions, information regarding 

MW, particle size distributions, particle densities, and particle solubilities are limited. As 

such, when the first batch of as-synthesized CDs is obtained, researchers face a dilemma: 

it is difficult to adjust the specifications of their purification apparatus, such as MW cut-

off of dialysis membranes, membrane filter pore sizes, centrifugation speed, and suitable 

mobile phases, until the purification process and subsequent analyses of CD fractions are 

completed. Accordingly, these purification and analysis have to be repeated many times 

until the characteristics of the CD fractions can be completely elucidated, which 

eventually increases the cost of syntheses and hinders large-scale syntheses. Therefore, it 

is desirable that the syntheses for multicolor CDs should be free of labour-intensive and 

time-consuming post treatments.125, 126 Fortunately, up to now, a few pioneering studies 

have been published, presenting inspiring work on the separation-free syntheses of 

multicolor CDs with a high color purity.42, 127 

1.5 Applications of multicolor CDs 

Akin to other luminescent materials, the emission behaviour of CDs, in essence, refers to 

the energy transfer between photons and electrons. A variety of CD-based applications 
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have been designed and developed, especially in the areas of sensing and imaging. This 

review will provide a summary of recent progress using multicolor CD-based applications 

for ion/molecule and temperature sensing and modern bioimaging. 

1.5.1 Selected sensing with CDs 

 

Figure 1.4. Multicolor CD application in metal ion sensing. (a) Fluorescence emission of CDs at 466, 555, 

and 637 nm when excited at 360 nm, 450 nm, and 540 nm to 13 metal ions. (b) Principle component analysis 

of the discrimination of the 13 metal ions based on the fluorescence emission of the CDs. (reprinted from 

ref. 128). 

Due to their intrinsic fluorescence, CDs have been developed as sensors for a variety of 

targets, including pH,74, 129-131 temperature,56, 132, 133 metal ions,128, 132, 134-137 and others.137-

143 Most detection approaches rely on fluorescence intensity change while a smaller 

number depends on fluorescence lifetime. Multicolor CDs with a broad range of emission 

wavelengths are especially suitable for ratiometric sensing and target discrimination. For 

example, a CD based ratiometric pH sensor was developed which shows dual fluorescence 

emissions where the ratio of emission at 475 nm / 545 nm shows a linear response to pH 

from 5.2 to 8.8. This label-free pH nanosensor was used to test intracellular pH in Hela 

cells.130 Ratiometric sensing avoids many factors that influence measurement of the 
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absolute fluorescence intensity such as the stability of light source and the concentration 

of CDs.130 

Carbon dot emission can also be temperature sensitive. CDs synthesized from acrylic acid 

and methionine have emission between the wavelengths of 440 nm to 555 nm, and the 

fluorescence intensity correlates linearly to changes in temperature between 25 ï 75 oC.144 

In another case, the fluorescence lifetime of N,S co-doped CDs was found to be 

temperature-dependent and was applied to monitor intracellular temperature.56 

Fluorescence lifetime has advantages over fluorescence intensity in that it is intrinsically 

referenced. In the same CDs used above, the lifetime of the CDs is not influenced by CD 

concentration (1.5x10-5 to 0.5 mg / mL) or pH (5-12) and is stable for at least 40 h of 

continuous excitation. An increase in temperature leads to lifetime shortening, and this 

can be fitted to a 3rd order polynomial calibration curve, where this CD nanothermometer 

could be used to sense intracellular temperature of HeLa cells.56 

CDs are also known to be sensitive to various metal ions, including Fe3+,144 Ag+,134 Hg+,136 

Cu2+,135 Co2+,145 Pb2+,146 and others.147-149 Lin and coworkers used CDs synthesized from 

citric acid and formamide as a multidimensional sensor for metal ions. The emissions of 

the CDs covered the entire visible range with dominant emissions at 466, 555, and 637 

nm. As shown in Figure 1.4, CDs showed different emission intensities in the presence of 

different metal ions, and these ions can be differentiated properly using principle 

component analysis.128 These multicolor CDs could be built into a platform for 

simultaneous discrimination of multiple metal ions. In another study by Lin and coworkers 

where multicolor CDs were also made from citric acid and formamide, CDs formed 
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ensembles with the metal ions: Ce3+, Fe3+ and Cu2+. These CD-metal ion complexes could 

effectively distinguish various phosphate anions, such as ATP, ADP AMP, PPi and Pi.150 

This example demonstrates that multicolor CDs could be developed into a platform for 

sensing and distinguishing different ions as their fluorescence emission at different 

wavelengths responds differently to presented ions. Other recent representative works are 

listed in Table 1.1. Despite these early successes, further clarity on CD structure and 

emission mechanisms would facilitate more advanced design of environmental sensing 

applications. 

Table 1.1. Carbon dot application in sensing ions and other molecules 

CD emission wavelength Sensing target Detection range Reference 

408 nm glucose 9 - 900 µM 138 

450 nm ascorbic acid 24 - 40 ɛg/mL 140 

455 nm 2, 4, 6-trinitrotoluene 10 nM - 1.5µM 139 

510 nm alkaline phosphate 0.01 to 25 U/L 141 

550 nm H+ pH 4.7 - 7.4 74 

568 nm Ag+ and cysteine 1 - 7 ɛM and 2 - 10 ɛM 134 

594 nm Fe3+ 9.7 nM - 4 µM  151 

632 nm Pt2+, Au3+ and Pd2+ 0.886, 3.03 and 3.29 ɛM - 

160 µM 

152 

440 nm and 615 nm Cu2+ 8.82 nM ï 225 nM 153 

1.5.2 High-resolution bioimaging with CDs 
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Figure 1.5. Diverse applications of CDs in bioimaging. (A) Two-photon fluorescence imaging of CDs 

internalized by human breast cancer cells (reprinted from ref. 154). (B) Super-resolution single-molecule 

localization microscopy (SMLM) enabled by photoblinking CDs. The substantially improved spatial 

resolution helps resolve closely aligned fine structures within a diffraction-limited area (reprinted from ref. 

20). (C) In vivo tumor imaging with NIR CDs: <i> bright-field image, <ii> fluorescence image, <iii> color-

coded image of a nude mouse bearing papillary thyroid carcinoma cells. After 30 min post-intravenous 

injection, CDs primarily accumulated in bladder and the xenograft tumor site (pointed by arrow) (reprinted 

from ref. 155). (D) CDs used for siRNA delivery. HeLa cells were incubated with passivated CDs (blue) 

loaded with Cy5-labeled siRNA (red) for 2 h. The co-localization of CDs and Cy5 signals implicate 

successful delivery (reprinted from ref. 156). 

With about two decadesô development and optimization, modern carbon dots (CDs) 

feature excellent water solubility, tunable fluorescence emission, sub-10-nm size, superior 

biocompatibility, and photostability, making them ideal for a broad range of bioimaging 

applications.157, 158 Without specific surface modifications, CDs can be readily 

internalized by different cell types (e.g., plant, bacterial, fungal and cancer cells) (Figure 

1.5a) 159-162 and have been found to localize in various intracellular compartments (e.g., 
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cell membrane, cytoplasm, mitochondria, endosomes and lysosomes),20, 154, 163, 164 

possibly dependent on the different synthesis strategies used to produce the CDs. One 

prominent advantage of using CDs for bioimaging is their highly efficient uptake by live 

cells, without apparent toxicity. In addition, the CD surface is often covered with abundant 

functional groups, such as ïCOOH and ïOH, which can be conveniently modified or 

conjugated to realize a diversity of sensing/imaging tasks. For example, by covalently 

binding the CD surface to 4ǋ-(aminomethylphenyl)-2,2ǋ:6ǋ,2ǋǋ-terpyridine (AE-TPY) 

molecules, Tian and coworkers produced integrated CD-TPY particles that exhibited pH-

dependent fluorescence emission where increasing [H+] potently increases the 

fluorescence intensity.165 In another case, m-phenylenediamines derived CDs (m-CDs) 

with surface isoquinoline and amines specifically interacted with the major groove of 

RNA through strong electrostatic force and ḯ́ stacking, which enabled long-term 

imaging of cellular RNA.166 To date, surface-modified CDs have also been explored for 

cancer detection and have shown great promise when cancer-specific markers were 

targeted, such as the folate receptor.167-170 Of particular note is the facile production of 

multicolor CDs from the same precursor, suggesting that similar surface modification 

chemistry could be exploited to facilitate targeted imaging of more than one target 

simultaneously.171-173 All the synthesis and fundamental efforts with CDs facilitate a 

variety of next-generation biosensing and medical applications. 

One inherent challenge constraining conventional optical microscopy is the diffraction-

limited spatial resolution (> 200-250 nm). Over the past decade, super-resolution 

fluorescence microscopy (SRM) has experienced rapid advancement due to the continued 
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development of new instruments and labeling materials.174 According to their distinct 

working principles, current super-resolution techniques can be classified into two major 

groups: patterned illumination-based microscopy (e.g., STED and SIM), and SMLM (i.e., 

STORM, PALM, or SOFI). The first demonstration of SRM using biocompatible CDs 

was achieved by Pompa and coworkers with the STED technique.175 In this study, CDs 

were synthesized by laser ablation and had a peak emission at 490 nm. With the depletion 

wavelength of 592 nm, a spatial resolution of about 30 nm was achieved both in fixed and 

live cells. Initially it was thought that the fluorescence emission of CDs was non-

intermittent and non-photoblinking.169 However, a growing body of evidence has revealed 

that the photoluminescence properties of CDs are subject to a large number of factors, and 

the fluorescence intensity of certain CDs do actively fluctuate in time-lapse 

experiments.176-178 The photoblinking of CDs makes them suitable for applications in 

single-molecule localization-based SRM. Recently, two studies have characterized the 

photoblinking properties of as-synthesized CDs.20, 179 As determined in these studies, as-

synthesized CDs exhibited a low on-off duty-cycle (< 1%), high photon output per burst 

emission (> 6,000), and robust resistance to photobleaching. Taking advantage of these 

unique properties, SMLM was performed, achieving 25-30 nm spatial resolution (Figure 

1.5b). Moreover, with super-resolution capability, the cellular uptake and transport 

processes of CDs were better resolved. Representative applications of CDs in SRM are 

summarized in Table 1.2. 
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Table 1.2. Application of CDs in SRM. 

Particle size Imaging method Cellular localization Resolution achieved Ref. 

5 nm STED lysosome 30 nm (lateral) 175 

4 nm SOFI nucleus (blue dots); 

endosomes/lysosomes 

(green dots) 

1.4-fold improvement over 

wide-field imaging (lateral) 

164 

4.5 nm SMLM microtubule, CCR3 

membrane receptor 

(antibody-based) 

25 nm (lateral) 179 

5.4 nm SMLM nucleolus 4-fold improvement over 

wide-field imaging (lateral) 

188 

5 ï 15 nm SMLM mitochondria 30 nm (lateral) 20 

In addition to the demonstrated potential imaging in cultured cells, CDs have proven to 

be versatile for in vivo imaging as well.180 By tuning the emission to the NIR range, the 

biodistribution and toxicology profile of CDs prepared from acid oxidation of carbon 

nanotubues and graphite has been studied.181 Moreover, it was found that different 

injection routes resulted in distinct body distribution and clearance rate.182 In general, CDs 

are nontoxic and mainly excreted from the body through the urinary system. Furthermore, 

CDs have shown strong EPR effect in tumor sites and therefore have been explored as an 

effective in vivo tumor imaging agent (Figure 1.5c).155, 169, 183, 184 In light of these findings, 

CDs can be further functionalized for multimodal in vivo applications in conjunction with 

imaging, considering the abundant reactive groups on their surface. So far, a variety of 

ideas have been attempted, including targeted chemotherapy, photodynamic therapy, 

radiation therapy, and gene therapy (Figure 1.5d).156, 185-187 Owing to the intrinsic in vivo 

imaging capacity, CD-dependent drug delivery and nanomedicine have the potential to 

enable real-time tracking, which will greatly facilitate effective drug discovery. 
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1.6 Perspective and future directions 

It has been fifteen years since the break-through discovery of carbon-based fluorescent 

nanostructures in 2004. Due to their fascinating luminescent features, CDs have been 

attracting an increasing number of researchers that are dedicated to exploration of the 

photoluminescence mechanisms behind their bright emission, preparation of distinct 

multicolor products independent of excitation, and use in creative applications exploiting 

their prominent luminescent properties. Many challenges remain, including the lack of 

thorough interpretation of CD structures and luminescence origins, the difficulty in 

controlling CD reactions, time-consuming post-treatment procedures, and relatively low 

quantum yields that limit further applications. However, it is possible that in the near 

future, studies on mechanisms, optimization of syntheses, and development of 

applications will benefit from one another and bring about inspiring progress. Accordingly, 

critical next directions for CD researchers include: 1) approaching the luminescence 

mechanism mystery based on direct observations of CD structure, making use of state-of-

the-art characterization techniques and accurate computational simulations that construct 

theoretical CD models, 2) refining synthesis conditions that are suitable for scaled-up 

preparation of highly pure multicolor CDs, and 3) designing and fabricating CD-based 

applications to address urgent issues, such as medical or biological devices, environmental 

monitoring platforms, and conversion/storage appliances for sustainable energy. 

Therefore, to cope with these technological gaps, this thesis work is featured by the 

pioneering work on the purification and applications of CDs, such as applying automated 
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technique to sperate as-made CD crudes as well as utilizing CD products for super-

resolution microscopy imaging technique. 

  



28 
 

Chapter 2  

Investigation of phosphorous doping effect on polymeric carbon dots: fluorescence, 

photo stability and environmental impact 

 

 

 

 

 

Reprinted from: Zhi, B.; Gallagher, M. J.; Frank, B. P.; Lyons, T.Y.; Qiu, T. A.; Mensch, 

A. C.; Rosenzweig, Z.; Fairbrother, D. H.; Hamers, R. J.; Haynes, C. L., Investigation of 

Phosphorous Doping Effect on Polymeric Carbon Dots: Fluorescence, Photostability and 

Environmental Impact. Carbon 2018, 129, 438-449. Copyright 2018, with permission 

from Elsevier. 
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2.1 Overview 

Carbon dots have arisen as a potential alternative to traditional quantum dots since they 

fluoresce but are synthesized from sustainably sourced green chemicals. Herein, 

fluorescent nitrogen-doped polymeric CDs were synthesized by using CA or MA as 

carbon precursors and ethylenediamine as the nitrogen precursor. Additionally, 

phosphoric acid was used as a doping agent for each type of CDs to evaluate the impact 

of incorporating phosphorus into the nanoparticles. Thus, four kinds of doped CDs (N-

doped or N, P co-doped) were obtained and named as CA-CDs, CA-P-CDs, MA-CDs, 

and MA-P-CDs. QY and fluorescence lifetime analysis indicate that phosphorus doping 

of up to c.a. 10 wt.% does not induce a remarkable influence in CD photoluminescence. 

The photostability of the N, P co-doped MACDs (MA-P-CDs), however, was observed to 

increase compared to the N-doped MACDs under 350 nm UV exposure. Lastly, to assess 

the impact of this emerging nanoparticle on prokaryotes, the bacterial toxicity of these 

CDs was tested using Shewanella oneidensis MR-1 as a model microorganism. 

Interestingly, the CDs exhibited no toxicity in most cases, and in fact facilitated bacteria 

growth. Hence, this work suggests that CDs are potentially eco-friendly fluorescent 

materials. 

2.2 Introduction 

Since the discovery of CDs during the purification of arc-discharged SWCNTs in 20041, 

they have become a carbon nanoallotrope of great interest2, 3. Generally, CDs are zero-

dimensional carbon nanoparticles of 2 to 10 nm diameter with quasi-spherical morphology. 

The majority of the carbon within the CDs is sp3-hybridized and usually exists as 
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amorphous carbon, different from the other 0D carbon nanoallotrope, NDs, which consist 

of highly crystalline domains2-5. Due to their excellent photoluminescence, stability, low 

cost, and easy preparation4, 6-8, CDs have been under intense investigation for their 

potential applications in sensing9-14, bioimaging or cell labelling3, 15-17, drug delivery16, 17, 

white light-emitting device7, 18, and energy conversion19-21.  

A variety of methods have been developed to generate fluorescent CDs in the past decade. 

Roughly, these synthesis approaches can be classified as either ñtop-downò or ñbottom-

upò4, 22. Generally, the ñtop-downò route involves breaking down bulk carbon sources, 

like graphite19, 23, carbon fibers24, 25, or carbon nanotubes1, 26, into tiny carbon 

nanoparticles, namely, carbon dots. Available ñtop-downò synthetic techniques exploit 

electrochemistry, arc discharge, laser ablation or plasma treatment27, 28. Conversely, the 

ñbottom-upò route refers to the construction of amorphous carbon nanostructures from 

molecular precursors such as saccharides29, organic acids8, 13, or amino acids30, 31 via 

combustion methods, hydrothermal/solvothermal treatment, or microwave irradiation4, 27. 

To be more specific, microwave heating-based synthesis capitalizes on internal precursor 

molecular rotation transitions coupling with external electromagnetic irradiation32. Thus, 

the heating efficiency is not related to the thermal conductivity of the precursors, realizing 

an immediate on/off switching in heating32, 33. Hence, compared to other methods, 

microwave-assisted thermal treatment conserves both time and energy, and might even 

avoid undesirable side reactions or facilitate new reaction routes32-34. Thus, microwave 

heating has been broadly used as a promising method to prepare stable and highly 

photoluminescent CDs7, 8, 35-39.  
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Doping heteroatoms into CDs has been a popular concept for potentially improving the 

performance of carbon nanomaterials40-42. A significant number of doped CD studies have 

been reported, most of them doped with non-metal heteroatoms, such as N43-45, S44, 46, B47-

49, or P49-51; there are also rare cases of metal atom dopants such as Cu52, Mg53 and Gd54. 

In general, doped CDs have exhibited improved optical properties compared to non-doped 

CDs, such as higher QYs and longer fluorescence lifetimes, especially when a 

functionalization route is used. The chemical identity of the doped heteroatom influences 

the electron distribution within the CDs, altering the band-gap energy and thus improving 

the CD photoluminescence55, 56. Currently, there is a lack of systematic investigations on 

the effects of doping on the properties of CDs. To address this issue, a series of polymeric 

CDs with different levels of doping was synthesized herein to compare the fluorescence 

properties of these polymeric CDs, and to elucidate whether doping is an effective strategy 

for polymeric CD performance improvement. It is important to mention here that there is 

a range of definitions are used for carbon dots nanomaterials, including carbon quantum 

dots, graphene quantum dots, and polymer dots. To avoid confusion, the products made 

in this work will be identified as polymeric CDs because they are generated by carbonizing 

polymerized intermediates. 

CDs have exhibited comparable QYs to traditional semiconductor QDs and they are free 

of toxic heavy metal ions2, 4. Thus, they are assumed to be of low toxicity and may serve 

as a green alternative to QDs57-59. Up to now, most CD research has been heavily focused 

on their synthesis and applications, while only a few reports have addressed their potential 

environmental consequences, let alone the comparative impact of modified/doped CDs60, 
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61. To assess their true potential, it is necessary to characterize CD photoluminescence in 

parallel with a toxicity assessment relevant to the potential release of CDs into the 

ecosystem -- a specific goal of this study. Microorganisms, located at the bottom of the 

food web, are ubiquitous62 and thus likely to first interact with and respond to 

nanomaterials released into environment. S. oneidensis MR-1, first discovered in Lake 

Oneida, NY63, is a species of Gram-negative bacteria important in the ecosystem based on 

their notable ability to reduce metal oxides via dissimilatory reduction under anaerobic 

conditions64. In addition, S. oneidensis MR-1 has been widely applied in nanomaterial 

toxicity screening, including studies of silver NPs65, gold NPs66, and Li-ion battery 

materials67. Thus, S. oneidensis MR-1 has been chosen herein as the model microorganism 

to evaluate the potential environmental impact of N- and P-doped polymeric CDs. 

In this manuscript, we will demonstrate the synthesis, materials characterization, 

photostability tests, and bacterial toxicity screening of nitrogen and phosphorous-doped 

polymeric carbon dots. This is the first effort in a larger set of experiments, and future 

work will further explore the underlying chemical or physical properties of the polymeric 

carbon dots that result in the exciting photoluminescent properties. 

Specifically, this work explores the impact of phosphorous doping on nitrogen-doped 

polymeric CDs. Based on quantitative analysis, we find that doping phosphorus into the 

polymeric CD structure using a phosphorous-containing precursor does not significantly 

impact polymeric CD fluorescence behavior, including QY and lifetime. The phosphorus-

doped polymeric CDs, however, do demonstrate enhanced photostability during UV-B 

exposure (350nm) compared to undoped polymeric CDs. Interestingly, comparing the 
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photoluminescence performance of nitrogen-doped polymeric CDs generated from citric 

acid, containing three carboxylic acid groups versus the two carboxylic acid groups in 

malic acid show significant differences, likely due to their different crosslinking patterns 

with ethylenediamine. Furthermore, the bacterial toxicity results indicate that 

phosphorous doping did not increase toxic effects on the bacteria but potentially 

stimulated bacteria growth in most cases, highlighting the potential of polymeric CDs as 

an emerging fluorescent nanomaterial with minimal adverse environmental effects. 

2.3 Experimental 

2.3.1 Chemicals 

Citric acid (ACS reagent, Ó99.5%), DL-malic acid (ReagentPlusÈ, Ó99%), phosphoric 

acid (ACS reagent, Ó85% H3PO4) and ethylenediamine (ReagentPlusÈ, Ó99%) were 

purchased from Sigma Aldrich. Quinine sulfate dihydrate (99+%, ACROS OrganicsÊ) 

was obtained from Fisher Scientific. The Biotech cellulose ester membrane (MWCO 100-

500 D) was obtained from Spectrum Labs. Deionized water was produced by a Millipore 

Milli -Q system (Billerica, MA), and used through all experiments. All other reagents were 

of analytical grade and used without further purification. DifcoTM LB broth (Miller) and 

DifcoTM agar (granulated) were purchased from Becton, Dickinson, and Company. DPBS 

was purchased from Mediatech, Inc. NaCl and HEPES were purchased from Sigma 

Aldrich. 

2.3.2 Synthesis of amorphous polymeric carbon dots 
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The synthesis was adopted from previous reports8 with minor modifications. To 

synthesize the CACDs, a 4 M aqueous citric acid stock solution was prepared in advance. 

2 mL of this stock solution was transferred into a 100-mL beaker, and then 540 ɛL of 

ethylenediamine was added. The reaction was completed within one minute as heat was 

released and a homogenous solution was formed. The mixture was stirred for 30 min and 

allowed to cool. Then, the colorless transparent mixture was transferred to a domestic 

microwave oven and heated under 360 W for 3 minutes. The resultant orange-yellow 

foamy solid was cooled in a fume hood for 20 minutes before 10 mL of MQ water was 

added into the beaker. The obtained reddish-brown transparent solution was dialyzed for 

24 hours to remove unreacted precursors. Then, rotary evaporation was used to remove 

most of the water in the solution, leaving behind a brown solid product at the bottom. 

Further drying was completed in an oven at 40 °C for one day.  

To generate varied phosphorus-doped citric acid polymeric carbon dots (the CA-P-CDs 

series), 2 mL of citric acid stock solution was poured into a beaker, and then, 34 ɛL of 

phosphoric acid was added. After mixing for 10 minutes, 540 ɛL ethylenediamine was 

added. The subsequent procedure was the same as followed for the CACDs. Thus, CA-P-

CDs-1 were obtained. To synthesize CA-P-CDs-2, 3 and 4, phosphoric acid was added in 

quantities of 68, 136 and 272 ɛL, respectively. The final products of the CACDs and CA-

P-CDs series were all yellow powders with gradually darker yellow color with increasing 

amount of doped phosphorus. 

For the synthesis of MACDs and the MA-P-CDs series (phosphorus-doped malic acid 

polymeric carbon dots), malic acid was used as carbon source instead of citric acid. The 
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synthesis procedure was otherwise the same. All the final products in this series appeared 

as dark brown powders. 

2.3.3 Material characterization 

Extensive characterization was performed to learn as much about the chemical and 

structural characteristics of the CDs as possible UV-vis extinction spectra were obtained 

using a Mikropack DH-2000 UV-Vis-NIR spectrometer. Fluorescence spectra were 

measured with a PTI QuantaMasterTM 400. EEMs were collected on a Thermo Scientific 

Lumina fluorescence spectrometer (Waltham, MA USA) with the 3D Scan Module using 

a 1 cm path length cell, 2.5 nm slit width, and internal correction for the lifetime of the 

photomultiplier tube with excitation from 200-600 nm (5 nm step size) and resultant 

emission collected from 300-750 nm (1 nm step size). Inner filter effects were avoided by 

using a dilute polymeric CD solution with an absorbance of 0.1 at the peak absorbance 

(c.a.350 nm). The morphology and size distribution of polymeric CDs were examined 

using a FEI Tecnai G2 F30 TEM at 300 kV. The TEM samples were prepared by dropping 

an aqueous suspension of polymeric CDs onto a 300-mesh gold grid coated with an ultra-

thin lacey carbon film. Wide-angle XRD data were collected by a Bruker-AXS (Siemens) 

D5005 XRD using Cu KŬ as the radiation source (ɚ = 0.15418 nm), with a step of 0.02Á 

in the range from 10° to 70°. The ATR-FTIR spectra were recorded with a Nicolet Magna

ΆIR 750 spectrometer. The XPS spectra were analyzed by a Surface Science SSXΆ100 

using a monochromatic Al KŬ X-ray source (50 eV pass energy, and 0.9 eV energy 

resolution by the full width at half maximum of Au 4f7/2 peak) and a PHI 5600 XPS (58.7 

eV pass energy, 0.125 eV/step, Mg KŬ X-rays) and processed with CasaXPS software 
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(Teignmouth, UK). EDAX was performed on a JEOL 6700F SEM using a 20-kV electron 

beam using an EDAX Genesis 4000 X-ray analysis system as a detector. AFM images 

were collected in tapping mode using a Dimension FastScan AFM (Bruker, Santa Barbara, 

CA, USA). Si nitride cantilevers with nominal spring constants of 18 N m-1 were used for 

imaging samples in air at room temperature. A Bruker Avance III HD nanobay AX-400 

spectrometer equipped with SampleXpress autosampler (Billerica, MA, USA) was used 

to obtain 13C-NMR spectra of suspensions of nanoparticles in D2O. The ACD/Spectrus 

processor (ACD/Labs, Toronto, Ontario, Canada) was used for manual phase correction 

and peak assignment. 

2.3.4 Photostability testing 

A 300-ppm polymeric CD stock solution was made by dissolving 15 mg of polymeric 

CDs in 50 mL of water. Dilutions to 7.5, 18, and 30 ppm were then made, and a UV-vis 

extinction spectrum from 250-800 nm was obtained for each sample using a Varian, Inc. 

Cary® 50 UV-vis spectrometer (Agilent Technologies, Santa Clara, CA USA). Before 

each UV-vis measurement the quartz cuvette was rinsed with 500 µL of the polymeric 

CD-containing solution before 2 mL was pipetted in for analysis. Five technical replicates 

were recorded for each polymeric CD dilution to obtain an average spectrum and to verify 

that the colloidal suspension remained stable throughout measurement. The linear 

calibration curve was used to generate a 100-mL polymeric CD-containing solution that 

exhibited an extinction of 0.1 at the ~345 nm peak. Once this solution was obtained, 6 mL 

aliquots were placed into either quartz or glass test tubes for photostability measurements. 

Both the pH and emission spectrum of the polymeric CDs remaining were measured using 
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a OrionTM  9103BNWP SemiMicro Combination Ag/AgCl pH probe (Thermo Scientific, 

Waltham, MA USA) and Lumina fluorescence spectrometer (Thermo Scientific, Waltham, 

MA USA), respectively. The polymeric CD-containing solutions in the glass test tubes 

were exposed in an RPR-100 Photochemical Rayonet Reactor© (SNEUVCo Branford, 

CT, USA) equipped with sixteen RMR-3500A Black Light Bulbs (>90% emission, 350 

nm, 1.76*1017 quanta/s as measured with actinometry, vida infra). The extinction spectra 

for each set of polymeric CD-containing solutions were measured after 5, 10, 20, 30, 40, 

and 60 minutes of irradiation to determine the photostability.  Because photodegradation 

is possible during the EEM experiment, separate replicate samples were used for each 

irradiation time. 

2.3.5 QY and Űavg measurement 

The QY of CACDs, the CA-P-CDs series, MACDs, and the MA-P-CDs series were 

determined based on protocols described in previous reports68, 69. The extinction of each 

CD sample was measured with a PTI QuantaMaster 400 and then diluted to achieve an 

extinction value of ~0.1 as measured by measurements at 340 nm. Quinine sulfate was 

dissolved in 0.1 M H2SO4 (ʬ = 0.54)
69 and used as the standard for the QY measurements 

(fluorimeter settings: 340 nm excitation, emission range: 350 nm ï 700 nm, 1.5 nm slit 

width). The QY of CDs were calculated by the following equation: 

ὗ  ὗ ὍȾὍ ρ ρπ Ⱦρ ρπ –Ⱦ–  

where Q stands for QY, I is the integral value of emission intensity at the excitation 

maximum, OD means optical density (lower than 0.1 to avoid inner filter effects), and ɖ 
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is the refractive index. The value of the subscript x identifies the polymeric CD sample 

while STD indicates the standard69.  

Lifetime measurements were performed three times in parallel on the same samples 

(extinction ~0.1) with a 375-nm laser as the excitation source (Becker&Hickl GmbH BDL 

375-SMN Picosecond Diode Laser, operated at 1MHz), slit width of 1 nm for excitation 

and emission, and detection at the peak wavelength of the sample. Lifetime plots were 

fitted with multi-exponential decay kinetics: 

Ὅὸ ‌ ÅØÐὸ†  

And the amplitude average Űavg of each replicate is given by: 

†  
В ‌†

В ‌ 

where ‌ is the pre-exponential factor, † is the lifetime of each decay69. 

2.3.6 Bacterial culture and polymeric carbon dot exposure 

S. oneidensis MR-1 stock was a generous gift from the Gralnick Lab at the University of 

Minnesota. S. oneidensis MR-1 were stored at -80 °C before being inoculated onto LB 

agar plates. The plates were incubated at 30 °C until discernible colonies were obtained. 

About 2-3 colonies were transferred into 10 mL LB broth. The bacterial suspension was 

incubated in an orbital shaker for 3 to 5 hours and harvested before entering stationary 

phase, as determined by the OD600. Bacteria cells were pelleted by centrifugation at 750 

× g for 10 minutes, re-suspended in DPBS buffer, and dispersed into HEPES buffer (2 
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mM HEPES and 25 mM NaCl, at pH = 7.4). The bacterial suspension was then diluted to 

~0.05 OD600 so that the cell density was ~107 cells/mL. The concentration of the polymeric 

CD working solution was 50 mg/mL. The subsequent nanoparticle exposure was 

performed by mixing the bacterial suspension with carbon dot suspension (volume ratio 

was 10:1, thus, the exposure concentration was 5 mg/mL), and incubated for 15 minutes 

or 1 hour. 

2.3.7 Colony counting assays (drop plate method) 

To examine the possible toxic effect of phosphorus-doping into polymeric CDs (that is, 

comparing N-doped polymeric CDs and N, P co-doped polymeric CDs), an adapted 

colony counting assay (drop plate methods) was used for the bacterium S. oneidensis MR-

170. A bacterial suspension of about 107 cells/mL (~0.05 OD600) was exposed to 5 mg/mL 

of polymeric CDs, followed by a 10-fold serial dilution to dilute the bacterial suspension 

to a proper cell density. Aliquots of 10 µL from three DFs of the exposed bacterial 

suspension, i.e. 10-3, 10-4 and 10-5, were dropped onto the surface of LB agar plates, and 

the agar plates were incubated at 30 °C overnight until observable colonies formed; a 

representative plate is shown in Fig. S10. Data from the dilution fold of 10-4 was used for 

further analysis as the colonies formed at this dilution fold were countable. Colony counts 

were transformed into the CFUs, and normalized to the negative control by dividing CFUs 

of a treated sample by the average CFUs from control groups in the same experimental 

run. This calculation is done using the following equation: 

Cell Density = 
 zВ   

Ȣ  ,  
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Normalized CFUs = 
 

   
 

where NC means negative control, TG means treated group, xi is the number of colonies 

counted, n indicates the number of aliquots from the same sample that were dropped onto 

plates, 0.01 is the volume of each aliquot (0.01 mL), and DF is the dilution fold. 

 

Figure 2.1. TEM images of (a) CACDs and (b) MACDs (scale bar: 20 nm; inset scale: 10 nm) and particle 

size distributions of (c) CACDs and (d) MACDs. 

2.4 Results and discussion 

2.4.1 Characterization of polymeric CDs 
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While it is currently not possible to characterize the specific atomic structure of carbon 

dots, this study includes an extensive array of characterization that reveals many aspects 

of the polymeric carbon dot structure. TEM was used to reveal the morphology of both 

CACDs and MACDs, as shown in Figure 2.1. 

Both types of polymeric CDs exhibit a uniform circular shape without significant 

aggregation. No discernible crystal lattice was visible in either case, suggesting an 

amorphous nature for these polymeric CDs. Such amorphous carbon character was further 

confirmed by the broad peaks around 20° in their XRD patterns71, 72. There may be a small 

amount of graphene inside, but any resulting weak diffraction signals are overwhelmed 

by those from amorphous carbon, so no crystalline carbon was detected via TEM or XRD. 

In addition, particle size analysis was performed based on CD Feret diameter from TEM 

images (counting Ó 500 nanoparticles).73 Assuming polymeric CD are normally 

distributed in size, the polymeric CD size peaks were fitted with a normal log function to 

calculate the average polymeric CD size. For CACDs, the peak diameter was ~7.8 nm, 

and for MACDs, it was ~ 5.5 nm. Both are smaller than 10 nm, which is the typical size 

range of CDs2, 3. Since TEM is only two-dimensional, AFM was used as well to determine 

the particle height distribution (z-profile). The height of CACDs and MACDs were ~3.7 

nm and ~3.5 nm by AFM, respectively. Both are smaller than their lateral diameter, thus, 

it is possible that these polymeric CDs are not perfect spheres but rather ellipsoids. 
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Figure 2.2. Optical (UV-vis absorbance and fluorescence) spectra of (a) CACDs and (b) MACDs and 

fluorescence lifetime traces of (c) CACDs and (d) MACDs. 

The optical properties of both polymeric CDs were examined, as shown in Figure 2.2a, 

there are two peaks in the UV-vis spectrum of the CACDs with ɚmax values of ~230 nm 

and ~350 nm. The first peak can be assigned to a ˊ-ˊ* transition (aromatic C=C), and the 

second one can be assigned to a n-ˊ* transition (C-N or carboxyl)74. The fluorescence 

emission does not shift as the excitation wavelength shifts, remaining at ~ 460 nm. Unlike 

most reported polymeric CDs, these CACDs do not demonstrate excitation-dependent 

emission. The fluorescence lifetime for the CACDs was measured three times in parallel 

using a 375-nm laser as excitation source, as shown in Figure 2.2c. The lifetime trace was 

fitted with a multi-exponential decay function, to minimize deviation from the exponential 
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fit function of the fluorescence lifetime of the polymeric CDs. The acceptable reduced 

Chi-square value (0.9 < ɢ2 < 1.2) and the symmetrical distribution of residuals around zero 

indicate a good fit. Therefore, the overall fluorescence lifetime of CACDs is revealed by 

the mean value of three replicate results (Űavg), that is, 11.17 ± 0.65 ns. In contrast, MACDs 

only showed a weak absorption near 350 nm (Figure 2.2b), but interestingly, they 

exhibited excitation-dependent emission. When the excitation wavelength was adjusted 

from 320 nm to 400 nm, the peak of the emission spectra blue shifts from ~500 nm and 

reaches a maximum intensity at ~450 nm with 400 nm excitation, followed by a red 

shifting emission with decreasing intensity. The fluorescence decay kinetics for MACDs 

are shown in Figure 2.2d. The overall lifetime of MACDs was 4.77 ± 0.34 ns, shorter than 

that of CACDs.  

Furthermore, non-Raman corrected EEM reveal information about the excited state 

transitions of fluorescent molecules. The CACD excitation:emission pairs, visualized in 

Figure 2.3, were easily identified as (ɚex=250 nm:ɚem=456.8 nm) and (ɚex=350 

nm:ɚem=453.9 nm), indicating the typical excitation independence. The MACD 

excitation:emission pairs in Figure 2.3b are not as easily isolated and have been assigned 

the following excitation:emission pairs: (ɚex=255 nm:ɚem=454.9 nm), (ɚex=340 

nm:ɚem=453.9 nm), (ɚex=385 nm:ɚem=468.6 nm) and (ɚex=450 nm:ɚem=514.5 nm), 

visualizing the excitation-dependent emission. Considering the different numbers and 

positions of carboxyl groups within citric acid and malic acid molecules, their crosslinking 

patterns with ethylenediamine should be different during polymerization, and as a result, 

the final carbonized products, that is, the polymeric CDs, likely possess distinct structures, 
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and thus, behave differently in terms of optical behavior. The structures of these polymeric 

CDs will be explored by our further theoretical studies. 

 

Figure 2.3. EEM of (a) CACDs, (b) MACDs, (c) CA-P-CDs-4 and (d) MA-P-CDs-4. 
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Figure 2.4. FTIR spectra of (a) citric acid polymeric CDs series, and (b) malic acid polymeric CDs series 

with a detailed spectral identification of phosphorylated peaks in citric acid polymeric CD series ((c) & (d)), 

and in malic acid polymeric CD series ((e) & (f)). 

To delve deeper into the molecular character of these polymeric CDs, FTIR analysis was 

performed to characterize the functional groups within both polymeric CDs; these spectra 
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are shown in Figure 2.4. The FTIR spectra of the two polymeric CDs were similar. The 

broad peaks at ~3200 cm-1 and ~3000 cm-1 can be assigned to N-H and O-H stretching 

vibrations, respectively75. The ~2900 cm-1 peak is the alkyl stretch, the main component 

of the carbon network. The two IR absorption bands at ~1700 cm-1 and ~1640 cm-1 

confirm the presence of carbonyl groups76. Specifically, the ~1700 cm-1 peak can be 

attributed to carboxyl carbonyl (-COOH) character, and the ~1640 cm-1 peak to amide 

carbonyl (-CO-NH) character77. The ~1400 cm-1 peak confirms a C-N stretch.  

Moreover, 13C NMR results provide a qualitative analysis of the carbon hybridization state 

inside both the CACDs and the MACDs (Figure 2.5). The 13C NMR spectra reveal groups 

of peaks at ~40 ppm, ~70 ppm and ~180 ppm, respectively78. The ~40 ppm peaks can be 

assigned to saturated carbon (sp3), that is, alkyl groups, R2CH2 and NH2RCH2 groups74, 79. 

The ~70 ppm peaks also reveal sp3 carbon connected to an electron withdrawing O or N 

atom, such as C-OH and C-N (in these cases, the peaks shift towards low field due to the 

electronegative effect). The CACDs and CA-P-CDs-4 spectra indicated the presence of 

two electron-withdrawing functional groups whereas the MACDs have five different 

electron withdrawing functional groups. An increased number of functional groups 

indicates the initial hydroxyl group on the malic acid precursor molecule remains intact. 

The phosphorylated CACDs indicate an incorporation of C=C character into the 

nanoparticle due to characteristics shifts at 162.40, 154.86 and 148.48 ppm. The last group 

at ~180 ppm indicates an unsaturated carbon (sp2) present within carbonyl groups, like 

carboxyls (-CO-OH) and amides (-CO-NH) not all carbonyl groups were lost to 

dehydration of the precursor when crosslinked with ethylenediamine. 
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Figure 2.5. 13C NMR spectra of (a) CACDs (b) CA-P-CDs-4, (c) MACDs and (d) MA-P-CDs-4. 
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Figure 2.6. XPS of CDs: (Left hand side) Comparison of the C(1s) regions for CACDs and MACDs, 

prepared with and without phosphorous doping. (Right hand side) N(1s), O(1s) and P(2p) regions of 

phosphorous-doped CDs (CA-P-CDs-4 and MA-P-CDs-4). 
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XPS analysis of the polymeric CDs (Figure 2.6) revealed the presence of carbon, nitrogen 

and oxygen. For the polymeric CDs prepared in the presence of phosphoric acid, 

phosphorous was also detected. The C(1s) regions for each polymeric carbon dot could be 

fit well using the same set of three peaks, consistent with XPS data previously obtained 

on polymeric CDs44, 80-85. The peak positions of these three components are located at 

288.5 eV, 286.5 eV, and 285 eV and correspond to O-C=O/O=C-N, C=O/C-N, and 

C=C/C-C species, respectively. These are the same species detected with IR (Figure 2.4). 

The C(1s) region is lacking a ˊ-ˊ* shake-up peak at 292 eV, suggesting the absence of an 

extended conjugated pi-electron system. The C(1s) spectral envelopes of three of the four 

polymeric carbon dots (MACDs, CA-P-CDs-4, and MA-P-CDs-4) are similar; the C(1s) 

envelope of CACDs differs principally probably due to a higher concentration of C=C/C-

C species. In previous work, the N(1s) XPS region of the nitrogen-containing polymeric 

CDs is often clearly asymmetric, indicative of a range of different nitrogen bonding 

environments86-88. In contrast, the N(1s) region of each of the four polymeric CDs 

analyzed in this study are very similar with a peak profile that can be fit well by a single 

Gaussian peak centered at ~ 400.7 eV. Although the proximity of peak positions for 

different nitrogen bonding environments makes an unambiguous assignment difficult89 

the invariance of  the N(1s) spectral envelope suggests that phosphorous incorporation 

does not lead to a significant perturbation in the chemical bonding environments of 

nitrogen atoms in the carbon dots. The O(1s) regions of each polymeric CD were also 

similar to one another, and no attempt was made to spectrally deconvolute the O(1s) 

regions due to the presence of a large number of bonding environments (e.g. O-C=O, C=O, 
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P-O) and the close proximity of the peak positions. For each of the two P-doped polymeric 

CDs, an additional peak in the P-region was observed with a peak position (~134 eV) 

indicative of oxidized phosphorous atoms. Moreover, the level of phosphorous 

incorporated into the polymeric CDs could be varied by changing the usage of phosphoric 

acid in the synthesis (see Table 2.1). Hence, based on the N1s, O1s and P2p XPS profiles, 

we confirm that the phosphorous doping is successful without inducing any turbulence 

into the original nitrogen and oxygen chemical environments of polymeric carbon dots. In 

addition, as XPS only reveals information of polymeric CD surface, EDAX was used to 

investigate the atom percentage of each element in bulk, as shown in Figure 2.7. 

Table 2.1. XPS element analysis results of all of samples. 

Samples %C %O %N %P 

CACDs (N=4) 62.0 ± 3 .0 24.3 ± 1.6 13.6 ± 1.6 0.02 ± 0.03 

CA-P-CDs-1 64.8 18.5 16.7 0 

CA-P-CDs -2 62.7 22.0 14.2 1.1 

CA-P-CDs -3 63.1 22.2 13.8 0.9 

CA-P-CDs -4 61.7 24.1 11.4 2.7 

MACDs (N=4) 62.6 ± 1.8 22.0 ± 3.0 15.0 ± 2.0 0.0 ± 0.0 

MA -P-CDs-1 60.5 22.0 16.4 1.1 

MA -P-CDs -2 58.0 23.2 17.0 1.8 

MA -P-CDs -3 58.0 23.3 15.9 2.8 

MA -P-CDs -4 61.2 21.5 14.9 2.4 
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Figure 2.7. EDAX element analysis of citric acid polymeric CD series (left), and malic acid polymeric CD 

series (right). 

Clearly, the phosphorus percentage gradually increased (indicated by the arrows), up to 

c.a. 10 wt.% for both polymeric carbon dots, if we used more and more phosphoric acid. 

Therefore, based on the XPS and EDAX data, we confirmed that the phosphorous doping 

was successful. 

The morphology and diameter of the P-doped CACDS and MACDs were also analyzed 

by TEM. After doping with phosphorus, both types of N, P co-doped polymeric CDs 

retained the quasi-spherical morphology in 2D. The average values from the size 

distributions for the CA-P-CDs with increasing levels of P doping were ~6.5 nm, ~6.9 nm, 

~6.3 nm and ~7.1 nm, respectively. For MA-P-CDs, they were ~8.1 nm, ~7.9 nm, ~5.8 
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nm and ~7.3 nm, respectively. Compared to the particle diameter of the original N-doped 

polymeric CDs, there was no remarkable difference after adjusting the precursors to 

incorporate phosphorus into the polymeric CDs. 

 

Figure 2.8. Photostability of the CACDs, CA-P-CDs-4, MACDs and MA-P-CDs-4. Photostability was 

determined by measuring the change in the absorbance (A/A0) at 350nm as a function of CD exposure to 

the intense visible light generated in a Rayonet reactor. 

We attempted to determine the chemical features of N-doped polymeric CDs and N, P-

co-doped polymeric CDs using ATR-FTIR (Figure 2.4). The incorporation of the 

phosphorous is indicated by the shift in the 1110 cm-1 C-O-C vibration to a lower 

wavenumber due to the presence of C-O-P79. Furthermore, the phosphoryl (R-O)3P=O 

does not present in the citric acid is distinctly present in the phosphorylated samples 
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around 950 cm-1 and 1050 cm-1. In addition, the IR absorption spectra for CA-P-CDs and 

MA-P-CDs resembled those of CACDs and MACDs, with features attributable to 

carboxyl, hydroxyl and amine groups. Hence, these N, P co-doped polymeric CDs 

exhibited high hydrophilicity, like their N-doped counterparts. 

2.4.2 Photostability tests of polymeric CDs 

An ideal fluorophore should remain photostable for an extended period, so it is important 

to assess how doping polymeric CDs with phosphorous influences photostability. On the 

bench, under the influence of laboratory lighting, solutions of CDs and phosphorous-

doped CDs were found to be stable over the course of at least six days, based on UV-vis 

analysis. To assess the effect (if any) of phosphorous doping on the photostability, it was 

therefore necessary to conduct accelerated photobleaching studies. This was accomplished 

by subjecting four of the polymeric CDs to intense visible light in a Rayonet reactor. 

Results from these studies, shown in Figure 2.8, demonstrate that there was a steady 

decrease in absorbance over one hour of exposure, which was accompanied by a blue shift 

in the peak emission. The pH of the solutions remained above 6 for the entirety of the 

experiments, ruling out acidic quenching90. The absorbance peaks were fit with a cubic 

baseline and subsequently a Gaussian function. For the first 40 min, CA-P-CDs-4 

exhibited higher, but not statistically different, photostability than the CACDs. The MA-

P-CDs-4 demonstrated a statistically significant ~25% increase in photostability 

compared to MACDs after 60-minute exposure. Thus Figure 2.8 demonstrates that distinct 

advantages in photostability are gained by doping the MACDs with phosphorous. The 
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overall stability trend with these four samples after one hour was determined to be: MA-

P-CDs-4 > MACDs > CACDs Ó CA-P-CDs-4. 

Previous accelerated photobleaching studies of CDs have typically been conducted by 

measuring changes in the QY under a wide range of different conditions (e.g. exposure to 

the white light from a Xe lamp, continuous irradiation at 360nm), where the incident 

photon flux is not reported.91-95 Consequently, a direct quantitative comparison of the 

results from this investigation to previous photobleaching studies of CDs is not possible. 

However, in general photostability is found to depend on the synthetic route used to 

prepare the CDs. Specifically, crystalline CDs prepared by a ñtop-downò approach (e.g. 

by exfoliating carbon nitride using acid) are extremely photostable even when exposed to 

intense light sources (e.g. no change in PL after irradiation with a 365nm UV lamp for 12 

hours).93 In contrast, CDs prepared using a ñbottom-upò approach (typically 

hydrothermally or by using microwaves) are more susceptible to photobleaching, an effect 

ascribed to the presence of a greater number of surface defects.92, 95 Results from the 

present study are therefore in qualitative agreement with this general trend. 

Table 2.2. avg and QY data of citric acid CDs series (left) and malic acid CDs series (right). 

Samples Űavg (ns) QY (%)  Samples Űavg (ns) QY (%)  

CACDs 11.17 ± 0.65 48.34 MACDs 4.77 ± 0.34 12.07 

CA-P-CDs-1 9.11 ± 0.37 40.98 MA -P-CDs-1 5.43 ± 0.39 15.56 

CA-P-CDs-2 9.12 ± 0.07 39.29 MA -P-CDs-2 4.45 ± 0.15 11.58 

CA-P-CDs-3 8.88 ± 0.09 35.56 MA -P-CDs-3 5.63 ± 0.30 10.19 

CA-P-CDs-4 9.72 ± 0.80 44.23 MA -P-CDs-4 4.32 ± 0.06 11.99 
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Figure 2.9. Comparison of avg among (a) citric acid carbon dots, and (b) malic acid carbon dots using one-

way ANOVA. 

2.4.3 Optical properties after phosphorus doping 

The high QY of the CACDs was in concurrence with literature values6, 8, 46. After doping 

with different levels of phosphorous, the QY of doped CACDs was maintained around 40% 

(Table 2.2). Specifically, the QY is 40.98% for CA-P-CDs-1, 39.29% for CA-P-CDs-2, 

35.56% for CA-P-CDs-3, and 44.23% for CA-P-CDs-4.  The citric acid polymeric CDs 

are found to be much more efficient at conversion of absorbed photons with 340 nm laser 

excitation than the malic acid polymeric CDs. The most prominent excitation, however, 

occurs at 385 nm for the MACDs. The MACDs were found to have a QY closer to that of 

tryptophan (~14%)69. The QY of MACD series remained c.a. 10% after P-doping (Table 

2.2), that is, 15.56% for MA-P-CDs-1, 11.58% for MA-P-CDs-2, 10.19% for MA-P-CDs-

3, and 11.99% for MA-P-CDs-4. The MACD series may have lower QY due to the 

multiple pathways for relaxation shown in the EEM in Figure 2.3b and d. The Űavg of citric 

acid polymeric CDs is about two times longer than those of malic acid polymeric CDs 
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(Table 2.2). The lifetimes have decreased after doping phosphorus into CACDs, but there 

was no such an effect for P-doped MACDs (Figure 2.9). 

2.4.4 Bacterial toxicity of polymeric CDs 

 

Figure 2.10. Colony counting assay results of citric acid polymeric CDs after (a) 15-min exposure and (b) 

1-hour exposure, and results of malic acid polymeric CDs after (c) 15-min exposure and (d) 1-hour exposure 

(Error bars indicate standard deviation, and for simplicity, only the positive half of each error bar is shown). 
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With luminescence and photostability properties of the new polymeric CDs looking 

promising, nanoparticle toxicity was considered since one proposed advantage of 

polymeric CDs over traditional QDs lies in their likely biocompatibility. Figure 2.10 

describes the toxicity results of polymeric CDs towards the model bacterium, S. oneidensis 

MR-1, as measured by a colony counting assay (drop plate method). 

Statistical analysis was performed using one-way ANOVA, followed by post-hoc Tukeyôs 

multiple comparisons tests (GraphPad Prism software, La Jolla, CA). All values plotted 

are the mean ± standard error of mean, and statistical significance is indicated using 

asterisks (*p<0.05, **p<0.01, **p<0.001 and ***p<0.0001). The results show that, in 

most cases, neither N-doped polymeric CDs nor N, P co-doped polymeric CDs exhibit a 

toxic effect; on the contrary, the bacteria formed more colonies than the negative control 

(untreated) samples in some cases.  This increased colony formation suggests that S. 

oneidensis MR-1 can potentially use polymeric CDs as their carbon nutrient source. In 

fact, it is known that S. oneidensis MR-1 performs a standard tricarboxylic acid cycle for 

carbon metabolism under aerobic growth96 wherein citric acid and malate anion play a 

role. However, neither genomic prediction nor experimental evidence have previously 

demonstrated that this bacterium can utilize citric acid or malic acid as a carbon source97. 

It is possible that other components in the polymeric CDs, such as phosphorus or unknown 

by-products from the synthesis, promote bacterial colony formation. It is worth noting that 

the MA-P-CDs-4 (malic acid carbon dots doped with the highest amount of phosphorus) 

showed extremely high bacterial toxicity, eradicating almost the whole bacterial 

population. Recall from Figure 2.8, doping the malic acid samples with phosphorous 
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gained an advantage in photostability which may not be favorable when compared to the 

toxic response seen in the S. oneidensis MR-1 over one-hour exposure. It is worth noting, 

however, that the threshold to toxicity is quite high at 5000 mg/L in a concentrated (300 

ɛL) of solution. This high of a concentration would be too bright for a detector in a 

confocal scanning laser microscopy and would be an impractical working solution 

concentration for bio-imaging. It is important to note that the need for something to be 

illuminated over an hour in a microscope may be unnecessary. Notwithstanding, the gains 

in photostability and lower QY demonstrate phosphorous doping of malic acid might not 

be worth the acute toxicity exhibited by S. oneidensis MR-1. Future studies on 

metabolomics could provide insight into the stress imposed upon this organism by the 

high concentration of particles. Other model organisms would also give a well-rounded 

picture of acute toxicity. Finally, it may be important to look at the photodegraded 

polymeric carbon dots to assess if the photoproducts are, in and of themselves, toxic. It 

was initially suspected that such toxicity was a result of light-induced polymeric CD 

degradation, since the exposure was done under lab light, and the toxicity was only 

apparent after 1-hour exposure; thus, another two sets of experiments were set up to 

investigate this possibility. Results showed that lab light was not the mechanism 

responsible for the high toxicity of MA-P-CDs-4 (Figure 2.11). The source of this 

repeatable high toxicity after 1-hour exposure is the subject of ongoing investigation. In 

general, most of the polymeric CDs were not at all toxic towards the S. oneidensis MR-1 

even at high doses (5 mg/mL), showing that polymeric CDs are quite benign. Thus, the 

non-toxic polymeric CDs are used for our further bio-imaging and bio-sensing studies. 
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Figure 2.11. (a) 15-min and (b) 1-hour exposure results of MA-P-CDs-4 (5 mg/mL) in dark condition and 

under lab light condition. 

2.5 Conclusions 

Polymeric CDs display reproducible, highly marketable luminescence properties that are 

influenced by chemical composition. In this work, citric acid and malic acid were used as 

carbon sources to generate N-doped polymeric CDs (using ethylenediamine as the 

nitrogen source). Furthermore, various amounts of phosphorus were introduced into these 
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polymeric CDs, resulting in N, P-co-doped polymeric CDs. These doped polymeric CDs 

were great candidates to systematically and quantitatively analyze the impact of 

phosphorus doping on emission properties, photostability, and toxicity; the results reveal 

that there is no remarkable influence after doping with phosphorus in terms of QY or 

lifetime. The starting material with three carboxylic acid groups was found to be a better 

performing polymeric carbon dot with higher QY and longer florescent lifetime compared 

to the starting material with two carboxylic acid groups. By contrast, the N, P-co-doped 

malic acid polymeric CDs may show an advantage over N, P-co-doped citric acid 

polymeric CDs and N-doped polymeric CDs in terms of photostability under 350 nm UV 

exposure. Any advantages accrued in photostability are diminished by the toxicity 

results. Lastly, to assess the possibility that luminescent CDs may be a viable replacement 

for toxic heavy metal-based quantum dots in a variety of applications, the bacterial 

toxicity of these doped polymeric CDs was evaluated using S. oneidensis MR-1 

as a model microorganism. The polymeric CDs exhibited no inhibition in bacterial colony 

formation in most cases, and in some cases, even facilitated bacterial growth, making 

polymeric CDs a potentially eco-friendly fluorescent material with a wide range of 

potential applications.  
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Chapter 3  

Malic acid carbon dots: from super-resolution living cell imaging to highly efficient 

separation 
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3.1 Overview 

As-synthesized malic acid carbon dots are found to possess unique and superior 

photoblinking properties compared to conventional dyes. Considering their excellent 

biocompatibility, malic acid carbon dots are suitable for super-resolution fluorescence 

localization microscopy under a variety of conditions, as we demonstrate in fixed and live 

trout gill epithelial cells. In addition, during imaging experiments, the so-called 

ñexcitation wavelength-dependentò emission was not observed for individual as-made 

malic acid carbon dots, which motivated us to develop a time-saving and high-throughput 

separation technique to isolate malic acid carbon dots into fractions of different particle 

size distributions using C18-reversed phase silica gel column chromatography. This post-

treatment allowed us to determine how particle size distribution influences the optical 

properties of malic acid carbon dot fractions, i.e., optical band gap energies and 

photoluminescence behaviors. 

3.2 Introduction 

Super-resolution fluorescence microscopy has become increasingly important for 

biomedical research and discovery.1-4 Conventional fluorescence microscopy is limited 

by the diffraction limit of light, and imperfections in optical components further decrease 

spatial resolution. This results in a lateral resolution limit of 250-300 nm as determined 

by the Abbe criterion.5 To obtain a resolution comparable to the size of most biomolecules 

(< 10 nm), two major approaches are extensively used to overcome the diffraction limit: 

the patterned illumination-based imaging, including STED microscopy and SIM, and the 

single-molecule localization-based imaging, including STORM and PALM.6 For the latter 
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strategy, closely clustered fluorescent molecules are resolved by stochastically turning 

each moleculeôs signal on and off.7, 8 The centroid of on-state molecules is mathematically 

determined in each imaging frame. A ñsuper-resolutionò image can then be reconstructed 

via the combination of multiple iterations. To achieve high-quality super-resolution 

imaging, it is crucial that photoswitchable fluorophores possess high photon yield and low 

on-off duty cycle.9 A variety of organic dyes can be tuned to photoblink for super-

resolution localization microscopy, mostly requiring high-power excitation and special 

imaging solutions containing oxygen scavenger and high thiol content.10, 11 Even with that, 

few organic fluorophores have proven to be suitable for super-resolution localization 

microscopy under visible excitation and emission wavelengths. It is important to note that 

the high photobleaching rates of organic fluorophores severely limit the utility of these 

fluorophores in super-resolution applications, basically restricting their use to short 

duration applications. Hence, to advance single-molecule imaging, it is desirable to 

develop cost-effective and photostable fluorophores that combine spontaneous 

photoblinking properties with intense brightness and low photobleaching rates. 

Photoluminescent zero-dimension carbon nanostructures, including CDs, graphene dots, 

polymer dots, and nitrogen-vacancy centered nanodiamonds, have generated great interest 

in many fields due to their unique optical properties, including their strong fluorescence, 

excellent water solubility, and high resistance to photobleaching.12-17 Amongst these 

carbon-based luminescent materials, CDs have emerged as a particularly attractive option 

due to availability of inexpensive carbon precursors, ease of synthesis and 

functionalization, and large-scale production.18, 19 CDs are characterized by broadband 
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optical absorption,16, 20 high emission QY,20 excellent biocompatibility,21 and minimal 

environmental impact.22 This unique combination of outstanding properties make CDs a 

highly promising, eco-friendly alternative to inorganic semiconductor quantum dots, 

which often contain toxic heavy metals,23, 24 and traditional organic fluorophores. To date, 

CDs have been used in a broad range of applications including biosensing and 

bioimaging,16, 25 drug delivery,26 photocatalysis,27 patterning,28 and photoelectronic 

devices.20, 29 Recently, CDs were found to be reversibly photoswitchable, which make 

them suitable as labeling agents for super-resolution localization microscopy.30-32 

Generally, CDs exhibit a quasi-spherical morphology with dimensions on the scale of 10 

nm,16, 33 composed of crystalline or amorphous carbon nanostructures34 depending on 

carbonization temperature.35, 36 CDs can be generated via a so-called ñtop-downò synthetic 

route13, 37 by breaking down bulk carbon sources such as active carbon,38 graphite,18, 39 

graphite oxide,40, 41, and carbon soot.42, 43 However, top-down methods are relatively 

expensive and generate less material, limiting the scale of CD production.34 On the other 

hand, ñbottom-upò approaches involving the assembly of the CD nanostructure using 

cheap molecular carbon precursors are more favorable for large-scale and high-yield 

production.34, 37 The choices of these small organic molecules are quite broad, and include 

citric acid,44 glucose,45 chitosan,46 vitamin C,47 glycerol,48 ethylenediaminetetraacetic 

acid,49 and L-glutamic acid.50 Bottom-up procedures mainly involve thermal dehydration, 

polymerization, and carbonization of these inexpensive organic molecules.14, 34 A variety 

of synthesis strategies have been developed for CD fabrication, such as microwave 

irradiation,51 hydrothermal carbonization,52 pyrolysis, or thermal decomposition.53, 54 



65 
 

Microwave-based synthesis features advantages including strong interaction of carbon 

materials with electromagnetic irradiation, fast, localized heating, and energy-saving 

processes.55, 56 In our group, DL-malic acid (a green and inexpensive organic compound)57 

is utilized as the carbon source with ethylenediamine as the cross-linker and self-

passivating agent to fabricate highly fluorescent MACDs via a rapid microwave-assisted 

heating treatment.22, 58  

In recent years there has been an exponential increase in research interest related to CD 

preparation and applications.16 Nevertheless, most of the as-prepared CDs exist as a 

relatively complex mixture of varied components with distinct optical propeties.59-61 Thus, 

the purification and/or separation of as-synthesized CDs is essential to probe the nature of 

single components.19, 59 In this respect, chromatographic purification has been used as an 

effective method to separate carbon-based photoluminescent materials.52, 62 For instance, 

Ding et al. employed silica column chromatography to fractionate as-made CDs based on 

their degree of oxidation. Though the separation results were quite impressive, the process 

took more than ten hours due to the high affinity of CDs towards commonly used silica 

gel.52, 62 HPLC has also found favor with CD researchers as a highly efficient option for 

separation. Vinci et al. utilized AE-HPLC to separate as-synthesized CDs generated from 

graphite nanofibers and confirmed that the emission wavelength of CD fractions was 

dependent on the NP size but not on the excitation wavelength.60, 63 However, AE-HPLC 

is more suitable to separate charged CDs produced by microwave synthesis from acidic 

rather than neutral small molecule precursors.22, 59 AE-HPLC columns are also expensive. 

To overcome these drawbacks, Gong and co-workers applied RP-HPLC and achieved a 
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rapid and effective separation for hollow carbon nanoparticles.64 The isolated fractions 

gave off blue, green, and red fluorescence emission which was related to the carbon shell 

thickness. Although RP-HPLC seems to be an ideal option, the low output that results 

from the limited HPLC injection volume (1 ɛL to 20 ɛL) restricts the wide scale 

application of this method.59 Therefore, there is an urgent need to develop a fast, low-cost 

and high-yield separation method to realize the efficient fractionation of as-prepared CD 

samples. 

Here, we report on the photoblinking properties of our as-synthesized MACDs. With 

active photoblinking, burst-like photon emission, efficient cell uptake, and high 

biocompatibility, we show that MACDs can be an excellent nanomaterial for super-

resolution localization microscopy. Interestingly, the well-known ñwavelength-dependent 

emissionò phenomenon was not observed in single particle imaging experiments. As such, 

to further explore the physiochemical properties of MACD components, we have 

developed a time-saving and high-throughput method to separate as-synthesized MACDs, 

utilizing C18 reverse-phased silica gel column chromatography. The MACD fractions 

obtained in this way exhibit wavelength-independent emission and distinct PSD.  More 

interestingly, these MACD fractions exhibit distinct optical properties, namely, absorption, 

optical band gap energy, and photoluminescence behaviors. 

3.3 Experimental 

3.3.1 Chemicals 
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All materials were used as received, without further purification. DL-malic acid 

(ReagentPlusÈ, Ó99%), ethylenediamine (ReagentPlusÈ, Ó99%) and C18-reversed phase 

silica gel (for column chromatography, fully endcapped) were purchased from Sigma-

Aldrich. The Biotech cellulose ester membrane (MWCO 100-500 D) was obtained from 

Spectrum Labs. Deionized water was produced by a Millipore Milli-Q system (Billerica, 

MA) and used for all experiments. 

3.3.2 MACD synthesis 

We synthesized the MACDs based on our previous work.22 Briefly, a 4 mol/L aqueous 

malic acid stock solution was prepared in advance. 4 mL of this stock solution was 

transferred into a 100-mL beaker, and then 1080 ɛL of ethylenediamine was added. The 

reaction was completed within 1 min as heat was released, and a homogenous solution 

was formed. The mixture was stirred for 30 min and allowed to cool. Then, the colorless 

transparent mixture was transferred to a domestic microwave oven and heated at 360 W 

for 3 minutes. The resultant dark brown foamy solid was cooled in a fume hood for 20 

minutes before 10 mL of water was added into the beaker. The dark brown transparent 

solution thus obtained was dialyzed for 24 hours to remove unreacted precursors. Then, 

rotary evaporation was used to remove most of the water from the solution, leaving behind 

a dark brown sticky solid product at the bottom. Further lyophilization was completed in 

a freeze dryer (Labconco FreeZone 4.5 L Benchtop Freeze-Dry System) for 16 hours. 

3.3.3 Characterization of the MACD photoblinking 
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To characterize the photoblinking properties of MACDs, a low concentration solution (0.5 

µg MACD/mL, to avoid having multiple particles in a single imaging pixel) was used to 

achieve uniform dispersion of particles onto a clean #1.5 coverslip. The exposure 

experiments and SRLM were performed with a home-built single-molecule fluorescence 

imaging system based on an Olympus IX71 microscope. High-power solid-state laser 

sources (> 0.1 kW/cm2) were used to excite MACDs at different wavelengths (405 nm, 

488 nm, 542 nm, 642 nm). The emitted fluorescence was collected with a 100× oil 

immersion objective (NA = 1.4) and imaged with an EMCCD camera (Andor iXon 897). 

The raw images were stored as 16-bit 512×512 files (pixel size 160 nm). In general, a 600 

s time series was taken at the frame rate of 25 fps. The photoblinking of MACDs became 

stable after 200 s excitation, and so the subsequent 400 s data was used in post-processing. 

From such series of exposures, the duty cycle of a single particle was determined as the 

proportion of image frames with fluorescence emission events. The SNR was defined as 

the ratio of the mean emission intensity of single MACD to the background fluctuation: 

s b

b

I I
SNR=

-

s
, where Is is the emission intensity of single MACD, Ib is the mean intensity 

of background, ůb is the standard deviation/fluctuation of background. Ib and ůb were 

obtained from pixel traces without MACDs and Is of MACD emission events was defined 

as five times the ůb value over the Ib value in pixel traces with MACDs. Post-processing 

was conducted with MATLAB and OriginPro software. All imaging buffers were freshly 

prepared before each experiment. The GLOX solution contained 50 mM Tris (pH 8.0), 10 

mM NaCl, 10% glucose, 560 µg/mL glucose oxidase (Sigma, G2133), 34 µg/mL catalase 

(Sigma, C3155), and 1% 2-mercaptoethnol. 
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3.3.4 Cell imaging and cytotoxicity analysis. 

Oncorhynchus mykiss (rainbow trout) epithelial gill cells (ATCC, CRL-2523) were 

routinely cultured in Leibovitzôs L-15 media supplemented with 10% FBS and 1% 

Penicillin-Streptomycin. Cells were grown at 19°C in ambient atmosphere. Before 

imaging, cells were incubated with 5 µg/mL MACDs for 2 h. Prior to live-cell imaging, 

culture media was replaced with phenol-red free imaging solution (Thermo Fisher 

Scientific, A14291DJ). In SRLM, a Gaussian mask function based single-molecule 

localization algorithm was used, for which a detailed description can be found in our 

previous studies.81, 82 In brief, image stacks were taken under 542 nm excitation (50-100 

W/cm2) and 25 Hz (8,000-10,000 frames). Raw images were first smoothed with a LoG 

filter, followed by identification of local maxima. Based on the local maxima, 

fluorescence emission was determined while a blinking event was defined as the signal 

above a threshold of five times the standard deviation of the background fluctuation. The 

localization error was calculated according to the equation: 

( )
2 2 4 2

2

2 2

/12 8p+
D = +

s a s b
x

N a N ,  where s is the standard deviation of the Gaussian PSF, a 

is the pixel size, b is the background noise, and N is the collected photons.68 For MACDs 

under 520-560 nm excitation, the localization error was determined to be ~15 nm and the 

resolution of reconstructed images was set to 30 nm. The intracellular localization 

experiments were performed on a Zeiss LSM 710 confocal system and using MitoTracker 

Deep Red (Thermo Fisher Scientific, M22426). 
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Table 3.1. Oligonucleotide sequences used as probes for p53 smFISH. Each probe was labeled with 

Alexa647. 

CCTCCTTCATAGCACGTTTG 

ACTTGGTCTTCTTACTGGCC 

TCTCATCGTCACTCACAGCA 

CCTCGAATCTGAAGAGTGTA 

TCACTCAGTTCAAGACTGTC 

ATTTGTCAGCGTCGGCAACA 

TTGGTGAGGCATTTCTGACG 

CTTCACCAGTAGTTTCTTCC 

TCAGTCAGAGTCGCTCTTCT 

ATGGAACCGAATCTCGCTCT 

GTGTCATGGCTTGCTGAAAT 

CTACCGGTTTCCAACTATAG 

Upon different treatment conditions, the cell viability was determined with the MTS 

proliferation assay (Promega, G3580). smFISH was used to evaluate the impact of 

MACDs and CdSe quantum dots to the expression level of p53 gene. In brief, 80-90% 

confluent cells were exposed to 5 µg/mL MACDs for 24 h, followed by fixation with 4% 

paraformaldehyde and permeabilization with 70% ethanol. The hybridization step was 

performed with 5 nM oligonucleotide probes, 10% dextran sulfate, 10% formamide, and 

2× SSC at 37°C overnight. The cell nuclei were counterstained with DAPI. For each field 

of view, a z-stack spanning 7-10 µm was taken and the location of each transcript was 

identified by maximum intensity projection. The quantification of RNA copies in each 

single cell was performed with customized MATLAB scripts. The sequence information 

of the FISH probes is provided in Table 3.1. 

3.3.5 MACD separation by C18 reversed phase silica gel column chromatography 
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Scheme 3.1. The general set-up and process of the MACD separation by C18 reverse-phased silica gel 

column chromatography. The inset fluorescence spectra show the remarkable excitation-dependent 

emission of as-synthesized MACDs before separation. 

As demonstrated by Scheme 3.1, 1 mL of highly concentrated carbon dots solution (200 

mg/mL) was prepared for column chromatography. During the separation process, the 

fluorescence of each fraction was examined by a portable UV lamp (365 nm). Pure water 

was used as the first mobile phase until the blue fractions of carbon dots had completely 

eluted. Then, the MeOH/water mixture was used as the second mobile phase with the 

MeOH ratio gradually increasing until pure MeOH was used as the final mobile phase 

(volume ratio of MeOH/water starts from: 1:9, MeOH% was added by 20% per 30 mL). 

In this way, twenty-four MACD fractions were obtained after the first round of separation. 

A subset of these fractions still exhibited excitation-dependent emission. So, to further 

separate fraction #10 and #14, we applied the identical method once more. These twice 

purified fractions were dried by rotovap into powder form for further experiments. 

3.3.6 Material characterization of MACDs 
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The PSD of carbon dots was determined by TEM (FEI Tecnai G2 F30 TEM at 300 kV) 

and DLS (Microtrac NANO-flex® 180° DLS System). UV-vis extinction spectra were 

obtained using a Mikropack DH-2000 UV-Vis-NIR spectrometer. Fluorescence spectra 

and EEMs were measured with a PTI QuantaMasterTM 400, equipped with a PicoMaster 

TCSPC steady-state and fluorescence lifetime spectrometer for lifetime analysis. ATR-

FTIR were obtained using a Thermo Scientific Nicolet iS5 Fourier Transform Infrared 

Spectrometer with an iD5 Attenuated Total Reflectance attachment. Spectra were 

obtained with 64 scans using 0.8 cm-1 resolution and a diamond crystal stage. X-ray 

photoelectron spectra of MACDs were obtained using a PHI 5600 instrument equipped 

with a Mg KŬ flood source (1253.6 eV) and a hemispherical energy analyzer. Survey 

scans were taken at a pass energy of 187.85 eV with a 1.6 eV/step size and 10 sweeps. 

High resolution multiplex scans of C (1s), O (1s), and N (1s) regions were taken at a source 

power of 300 W, with a pass energy of 5.85 eV, 0.025 eV/step, and 50 sweeps. All XPS 

data were analyzed using CASA XPS software. First, MACDs were suspended in water 

and subsequently centrifuged to remove silica. The supernatant was then separated and 

lyophilized to recover the MACDs. This significantly reduced the level of Si 

contamination. MACDs were attached as a powder to double sided copper adhesive tape 

which was attached to an XPS sample stage. Due to the smaller amount of available 

sample (<20 mg), MACD fractions were dried after filtration onto aluminum foil which 

was then adhered to the sample stage with double sided copper adhesive tape. In these 

cases, a small aperture size was used for XPS analysis to avoid detecting background 

aluminum from the foil. 
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3.4 Results and discussion 

3.4.1 The photoblinking property of MACDs 

At the single-particle level, the fluorescence on-off activity of MACDs was found to be 

stochastic and intermittent. As shown in Figure 3.1a, the bright spots (MACDs in the on-

state) were randomly distributed at different time points throughout the imaging session. 

In the time domain, the fluorescence trace of single MACDs further validates the 

stochastic nature of MACD emission (Figure 3.1b). The photon burst of single MACDs 

occurs on the ms-level timescale, facilitating clear identification of each emission event. 

Under green laser excitation, the on-time of MACD photon burst is highly uniform where 

over 95% of blinking events occur within 200 ms and ~75% of events occur within 100 

ms (Figure 3.1c). The average duty cycle of the MACDs was determined to be 0.53% 

(Figure 3.1d), consistent with a previous report.31 Moreover, MACDs exhibited excellent 

photostability, as more than 60% of the particles were still fluorescent after 400 s of high-

power excitation (> 0.5 kW/cm2) (Figure 3.1e). This set of results demonstrates the active 

photoblinking of the as-made MACDs and quantitatively characterizes their low duty-

cycle and superior photostability, identifying them as promising materials for super-

resolution localization microscopy. 
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Figure 3.1. Characterization of individual MACDs. (a) Time-lapse fluorescence imaging of MACDs on 

glass coverslip shows stochastic on and off fluorescence emission. (b) A representative fluorescence trace 

of an individual MACD. (c)  Histogram of MACD on-time distribution. (d) The average duty cycle of 

MACDs, determined by summarizing a large number of single-particle blinking traces (>5,000 particle 

traces). (e) Characterization of fluorescence emission over 400 s green excitation shows the survival fraction 

of MACD particles (error bars indicate the standard deviation of five independent replicates). 
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Figure 3.2. Characterization of the MACD SNR under different conditions. (a) Representative emission 

traces of MACDs in response to different excitation wavelengths. (b) SNR of MACDs under different 

excitation wavelengths in comparison with commonly used organic dyes under their optimal excitation 

wavelengths. (c) Characterization of MACD photoblinking in a variety of imaging solutions. (d) 

Comparison of MACD SNRs in different imaging solutions. 

To better utilize MACDs as a novel class of imaging materials, we determined the SNR 

of MACDs under different conditions. First, we found that the original MACD samples 

responded to a broad range of excitation wavelengths, under which active photoblinking 

was universally observed (Figure 3.2a). Interestingly, a comparison of images taken from 

different emission channels (e.g., the green and red channels) showed that the so-called 

ñexcitation wavelength-dependentò emission was not observed for individual MACDs, 

but originated from different particles, each emitting at a different excitation wavelength. 

Considering our synthesis strategy, the as-synthesized MACDs were a relatively complex 

mixture composed of non-uniformly sized MACD particles.22, 60, 65 The single-particle 
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SNR values of these different components display a trend with higher values at the red-

excitation wavelength (ñred particlesò) and lower values at the blue excitation wavelength 

(ñblue particlesò) (Figure 3.2b). Further, the SNR of MACDs with specific excitation 

wavelengths was compared with those of commonly used organic dyes in SRLM, such as 

Atto488 and TAMRA. The results demonstrate that MACDs have comparable, if not 

better, SNR over its counterparts in the chosen emission ranges (Figure 3.2b). The SNR 

of MACDs is slightly inferior to Alexa647 in the far-red emission range, which might be 

due to the low yield of red-emission MACDs and crosstalk emission from other MACD 

components. In addition, we measured the photoblinking SNR of MACDs within different 

imaging solutions at the single-particle level. In conventional SRLM, a special buffer (e.g., 

GLOX) is often required to reduce the dissolved oxygen level and stabilize the excited 

electrons at the triplet state for a long dark-state time. In contrast, the MACDôs 

photoblinking was observed ubiquitously in a variety of imaging solutions (Figure 3.2c), 

indicating a unique photoblinking mechanism, different from commonly used organic 

dyes. Although the SNR of MACDs was negatively impacted by the complexity of the 

solution (a low value obtained from cell culture medium, Figure 3.2d), a sufficient SNR 

value (>15) could be achieved in all the tested solutions, making it possible to apply 

MACDs in various imaging environments, including live-cell imaging. 

3.4.2 Application of MACDs in super-resolution localization imaging  

The MACDôs photoblinking properties (low duty cycle, high photostability, and buffer-

independent blinking) make them an excellent candidate for biological imaging. In light 

of these findings, the biocompatibility of MACDs was examined in a rainbow trout gill 
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epithelial cell line. Cell viability was impacted only at a relatively high MACD dose (5 

mg/mL), where an approximate 20% decrease in cell viability was detected 24 h post 

exposure, probably due to the impact of the overload of MACDs on cell proliferation 

through interaction with microtubules. In addition, smFISH was used to quantify gene 

expression at the single cell level, as particle uptake can be highly variable between cells, 

and substantial changes can occur at low uptake before irreversible cell death takes 

place.66 In this set of experiments, we quantified mRNA copies of the stress-sensing 

protein p53 in response to MACDs as well as commercially available CdSe QDs for 

comparison. After exposure to 5 µg/mL MACDs or QDs for 24 h, the gene expression 

level of p53 in the gill cells showed detectable increase compared to the control group. 

However, the expression level of p53 in cells exposed to MACDs was lower than the 

expression levels in cells exposed to CdSe QDs (~30% less in copy number per cell). 

Hence, MACDs exhibit an overall satisfactory biocompatibility and are a promising 

alternative to Cd-based QDs for bio-imaging experiments. 

 

Figure 3.3. SRLM of MACDs in fixed trout epithelial gill cells. The spontaneous photoblinking of MACDs 

enables a significant improvement of the spatial resolution as demonstrated by the fluorescence emission 

profiles (right panel) of the region of interest (ROI) marked by the small rectangle in the fluorescence images.  



78 
 

 

Figure 3.4. Distribution of MACDs in live trout gill epithelial cells. (a) MACDs with different sizes, 

corresponding to excitation wavelengths 488 nm, 514 nm and 561 nm, were found to localize at the same 

intracellular compartments, while MACDs that were excited with 405 nm were found to localize at different 

compartments. (b) The green-to-yellow MACDs (with excitation wavelength Ó 488 nm), were found to be 

present mainly in mitochondria, as determined by their co-localization with MitoTracker. 

According to the Nyquist-Shannon theorem,67 the low on-off duty cycle of MACDs makes 

it possible to identify ~200 particles within a diffraction limited area (~250 nm). However, 

the spatial resolution is also constrained by localization error. Based on the Gaussian 
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PSF,68 the standard error of localization using MACDs was determined to be ~15 nm in 

cultured cells. Hence, the theoretical imaging resolution using green-to-yellow MACDs 

could reach 30 nm. SRLM was then performed both in fixed and live cells. As we 

demonstrate in fixed gill cells, the active photoblinking of MACDs enables a higher 

resolution imaging of the particles in the intracellular environment. As shown in Figure 

3.3, an object with an apparent size of over 230 nm in the raw wide-field image was 

revealed to be around 36 nm by SRLM. 

Because MACDs show sufficient blinking activity in different solutions and do not require 

a special buffer, the uptake and MACDs internalization by live gill cells could be imaged 

with SRLM as well. We observed a highly efficient uptake of MACDs by live cells. 

Interestingly, the as-synthesized MACDs exhibited two distinct intracellular distribution 

patterns under different excitation wavelengths. The green-to-yellow MACDs (Figure 

3.4a, representative excitation by 488 nm, 514 nm and 561 nm) show a unique, filament-

like distribution inside live cells, which is different than  the distribution of blue-to-cyan 

MACDs (Figure 3.4a, representative excitation by 405 nm), as well as to the distribution 

of MACDs in fixed cells (Figure 3.3). To minimize phototoxicity to living cells and pave 

the way for future applications, we focused the subsequent live-cell imaging on the green-

to-yellow MACDs. The diameter of these MACD-associated structures is no more than 

100 nm. The improved spatial resolution also helps to distinguish closely aligned 

structures within a diffraction-limited area. After testing a number of organelle-specific 

dyes, the side-by-side comparison of live cells exposed to MACDs and MitoTracker 

showed a clear co-localization pattern that indicates the accumulation of MACDs in or on 
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mitochondria (Figure 3.4). Moreover, we observed directional movement of the MACD-

associated mitochondria in live cells, suggesting the transport of mitochondria-associated 

MACDs along the cytoskeleton (e.g., microtubules).69, 70 These results prompt the idea 

that this class of MACDs could be further explored as an efficient live-cell delivery vector 

and mitochondria-targeting tool without further nanoparticle surface modification. 

3.4.3 MACD separation and characterization of MACD fractions 

As observed in previous experiments when we tried to determine the SNR values of as-

synthesized MACDs, the fluorescence emission of individual MACD particles was found 

to be invariant as the excitation wavelength was changed. Carbon dots are often acclaimed 

for their so called ñexcitation-dependent emissionò, so this unexpected phenomenon 

motivated us to separate the as-synthesized MACDs into distinct fluorescent components. 

To combine the advantages of the traditional silica gel column chromatography and RP-

HPLC as mentioned before, we employed C18 reversed phase column chromatography, as 

shown in Scheme 3.1. The general set-up is quite similar to that of a traditional silica gel 

column, but we utilized C18 reversed phase silica gel as the stationary phase and a mixture 

of water and methanol as the mobile phase. The entire separation process was 

accomplished in less than three hours, a significant time-savings compared to the 

traditional silica column chromatography that took more than ten hours.52 Besides, by 

virtue of the large sample loading capacity, we were able to separate at least 200 mg of 

as-synthesized MACDs in one single batch. As such, the output of each fraction was up 

to 5 mg, higher than HPLC separation yield (a few microliter, quantities of which are too 

small for characterization).59 Taking advantage of this time-saving and higher throughput 
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separation method, we obtained twenty-four MACD fractions and three of them (i.e., 

fraction #2, #10, and #14) were chosen for further analysis because they were collected 

from three distinctive color regions visible following column chromatography. Also, their 

concentrations were high enough to give off bright fluorescence under 365 nm UV lamp, 

representing the most promising fluorescence properties among the 24 fractions. 

 

Figure 3.5. Photographic images of MACD fractions #2, #10, and #14 under (a) room light condition and 

(b) 365 nm UV illumination. TEM images of MACD fractions (c) #2, (d) #10, and (e) #14 (inset scale bar: 

5nm, 5nm, and 20nm, respectively). Corresponding PSD for MACD fractions (f) #2, (g) #10, and (h) #14, 

determined by ImageJ analysis of TEM images. 
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As shown in Figure 3.5a, if exposed to room light, the aqueous solutions of these three 

fractions appear pale yellow, yellow, and brown, respectively. These same three fractions 

exposed to long-wavelength UV illumination (365 nm) fluoresced blue, cyan, and 

greenish yellow (Figure 3.5b). TEM was applied to probe the size and morphology of 

these three MACD fractions. In Figures 3.5c through e, these well-dispersed MACD 

fractions exhibit clear circular outlines without severe agglomeration. PSDs were obtained 

based on these TEM images (~500 particles counted). It was assumed that the sizes of 

each fraction were normally distributed, so the distribution histograms were fit with a log-

normal function to estimate the mean size of each fraction, using the peak analyzer 

function in OriginPro 9.0. The results are displayed in Figures 3.5f through h, showing 

that MACD fraction #2 is ~6.2 ± 2.0 nm, #10 is ~9.2 ± 1.7 nm, and #14 is 15.6 ± 6.0 nm. 

It is discernible that the log-normal peak is shifting to the right, indicating an increase in 

particle size. The PSDs of each fraction were also statistically analyzed using one-way 

ANOVA multi-comparison, processed by GraphPad Prism 6 (Figure 3.6), with 

significance level indicated by asterisks (*p<0.05, **p<0.01, ***p<0.001 and 

****p<0.0001). Based on this analysis, the MACD fractionsô PSDs were determined to 

be significantly different from one another. To confirm this finding, we used dynamic 

light scattering (DLS) to analyze the size of the MACDs in each fraction in aqueous 

suspension. As shown in Figure 3.7, the change in the PSDs between the three fractions 

are clear in the DLS data and are in agreement with the TEM results. We are therefore 

confident that the size of the MACD fractions is increasing when we gradually lowered 



83 
 

the water percentage, that is, decreased the polarity of mobile phase, in the C18 reversed 

phase column chromatography. 

 

Figure 3.6. Significance test of the MACD fraction TEM PSDs. 

 

Figure 3.7. MACD fraction DLS: PSD of fraction (A) #2, (B) #10, and (C) #14. 
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Figure 3.8. (a) FTIR and (b) XPS spectra of unseparated MACDs (black) and MACD fraction #2 (red), #10 

(green), and #14 (blue). UV-vis extinction spectra of MACD fraction: (C) #2, (D) #10, and (E) #14. 

To assess the chemical composition of the three MACD fractions, we employed ATR-

FTIR and XPS. IR analysis of the as-synthesized MACDs and each of the fractions are 

shown in Figure 3.8a. Each CD exhibits an infrared spectrum characteristic of malic acid 

carbon dots. N-H, O-H, and C-H stretching bands are observed at 3280, 3080, and 2950 

cm-1, respectively.71 Peaks at 1702 and 1640 cm-1 indicate C=O stretching modes,72 with 

characteristic N-H bending and C-O stretching modes observed at 1540 and 1090 cm-1, 

respectively.71 Moreover, the relative intensity of these various peaks in the ATR-FTIR 

are observed to be virtually identical amongst each of the three fractions, suggesting that 

the chemical bonding remains constant. XPS analysis of MACD parent batch and fractions 

revealed the presence of C, N, and O in all samples (Figure 3.8b). Si contamination was 

observed in some samples, which can reasonably be assumed to have been introduced 
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when the CD fractions were scraped off from the sides of glassware during synthesis, and 

for this reason the O (1s) regions are not shown. The C (1s) regions for the parent MACD 

and each one of the three CD fractions were found to be qualitatively similar, consisting 

of a broad peak at 286.7 eV, composed of contributions from C-C/C=C/C=O and C-N 

species as well as a lower intensity (roughly half) peak at 289.2 eV associated with O-

C=O species.73, 74 Component fitting of the C (1s) region was not deemed appropriate due 

to the multiple carbon bonding environments present in the C (1s) envelope. The N (1s) 

region of the parent MACD and each one of the three CD fractions is characterized by a 

single broad peak at º 401 eV in all samples. The broad similarities observed for both the 

ATR-FTIR and XPS of the three fractions indicates that there are no significant 

differences in the nature or relative concentration of chemical functionality amongst the 

three MACD fractions. 
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Figure 3.9. Fluorescence properties of MACD fractions. Upper panel, fraction #2: (A) fluorescence 

emission under varied excitation, with normalized spectrum embedded, (B) 2D EEM, and (C) CIE 1931 

color coordinates; middle panel, fraction #10: (D) fluorescence emission under varied excitation, with 

normalized spectrum embedded, (E) 2D EEM, and (F) CIE 1931 color coordinates; lower panel, fraction 

#14: (G) fluorescence emission under varied excitation, with normalized spectrum embedded, (H) 2D EEM, 

and (I) CIE 1931 color coordinates. 

3.4.4 Optical properties of MACD fractions 

Figure 3.8c through e exhibits the UV-Vis extinction spectra of all separated MACD 

fractions. Both fractions #2 and #10 exhibit intense extinction features around 350 nm, 

usually assigned to n- *́ transitions for nitrogen-doped CDs.72 Interestingly, a well-

resolved extinction shoulder is observed at ~470 nm in fraction #14. Such a red-shift is 

typically related to the narrowing of the electronic band gap and is often found for long 

wavelength emissive CDs.61, 72 To confirm this, we calculated the optical band gap energy 
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(Eg) of the three fractions using the equation Eg = h*c/ɚcut-off, where h refers to the Plank 

constant (6.626 × 10-34 Joules sec), c is the speed of light (3.0 × 108 meter/sec), and ɚcut-off 

(in nm × 10-9 meters) indicates the onset value of the first excitonic absorption band, with 

the conversion factor of 1 eV equaling 1.6 × 10-9 Joules.75, 76 The calculated Eg are 2.97 

eV (#2), 2.91 eV (#10), and 2.21 eV (#14), respectively, along with the increasing fraction 

PSDs (namely, 6.2 ± 2.0 nm, 9.2 ± 1.7 nm, and 15.6 ± 6.0 nm), which demonstrates how 

the PSD impacts the band gap energies of fractions. In addition, we systematically 

investigated the photoluminescent properties of MACD fractions, as illustrated by Figure 

3.9 and 3.10. We excited fraction #2 with a series of wavelengths ranging from 310-410 

nm in 20 nm increments. The resulting (normalized) fluorescence emission data is shown 

in Figure 3.9a. Compared to the spectra of crude MACDs (included in Scheme 3.1),22 

there is no remarkable shift in the emission peak position, which is around 460 nm. The 

maximum emission intensity was observed at ɚex = 370 nm, with a FWHM of 96 nm. A 

prominent luminescence center can be observed at c.a. (371.3 nm, 458.7 nm) in the 2D 

EEM (Figure 3.9b) and 3D EEM (Figure 3.10a), with a Stokes shift as large as 16,822 cm-

1
. The corresponding color coordinates (under 370 nm excitation) were calculated to be 

(0.160, 0.179), located within the blue region of the CIE 1931 chromaticity diagram 

(Figure 3.9c). The QY of fraction #2 was measured to be as high as 30.0% using an 

integration sphere. For the analysis of the fluorescence lifetime, the fluorescence decay of 

MACD fraction #2 was fitted with multi-exponential function (Figure 3.10b) to minimize 

deviation from the exponential fit function. This fit was further examined by residual 

analysis. The reduced chi-square value (ɢ2) of 0.987 is reasonable (0.9< ɢ2<1.2) and 
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residuals are distributed around zero almost symmetrically, indicative of a justifiable 

fitting.77, 78 Thus, the average fluorescence lifetime was extrapolated to be 6.48 ± 0.10 ns, 

comparable to commercially available fluorophores (e.g. fluorescein and rhodamine).79 

The fluorescence properties of MACD fractions #10 and #14 were investigated in a similar 

manner. For fraction #10, the emission peak can be found at ~470 nm, achieving 

maximum intensity if excited by 380 nm (Figure 3.9d, peak width at half max ~100 nm), 

leading to a bright fluorescence center at c.a. (380.3 nm, 468.3 nm) in EEM (Figure 3.9e 

and 3.10c) and a Stokes shift of 4959 cm-1. The CIE 1931 coordinates of (0.180, 0.237) 

achieve a position in the cyan region of the color space (Figure 3.9f). The QY is 

determined to be 24.0%, with a lifetime of 7.14 ± 0.63 ns (Figure 3.10d). For fraction #14, 

the excitation-independent emission peak can be identified at 550 nm with a FWHM of 

c.a. 104 nm under excitation of 460 nm (Figure 3.9g). Thus, a global photoluminescence 

center can be observed about (460.0 nm, 523.7 nm) (Figure 3.9h and Figure 3.10e). 

Accordingly, the Stokes shift decreased to 2644.3 cm-1. The color of MACD fraction #14 

can be defined as greenish yellow (0.357, 0.554) by CIE 1931 colorimetry (Figure 3.9i). 

Correspondingly, the calculated QY is 27.6%, and the average lifetime is 4.25 ± 0.09 ns 

(Figure 3.10f). So, MACD fractions donôt exhibit wavelength-dependent emission, in 

contrast to unseparated MACDs.22 This fraction is particularly important because it 

represents a carbon dot population that can be used with visible, rather than UV, excitation. 

It is noteworthy to mention that along with the increasing PSD, the corresponding 

emission of MACD fractions is red-shifted from blue, to cyan, and to greenish yellow, 
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indicating that the as-prepared MACD fluorescence properties are size-dependent, 

consistent with other published studies.19, 60, 80 

 

Figure 3.10. Upper panel: (A) 3D EEM and (B) fluorescence decay traces of MACD fraction #2; middle 

panel: (C) 3D EEM and (D) fluorescence decay traces of MACD fraction #10; lower panel: (E) 3D EEM 

and (F) fluorescence decay traces of MACD fraction #14. 
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3.5 Conclusions 

In summary, the as-synthesized MACDs are found to be actively photoswitchable, 

characterized by low duty cycle and excellent photostability. Furthermore, MACDs 

exhibited satisfying signal-to-noise ratios in different imaging buffer solutions. Due to 

these unique and superior photoblinking properties, MACDs are shown to exhibit 

enhanced spatial resolution in super-resolution localization imaging experiments. To 

investigate the fluorescent components within as-synthesized MACDs, we developed an 

efficient separation method using C18 reversed phase silica gel column chromatography. 

This approach enables us to achieve a high product output, as can be achieved with 

traditional silica gel column chromatography, on a time scale commensurate with HPLC. 

The MACD fractions showed distinct PSDs, determined by both TEM and DLS, despite 

having indistinguishable chemical composition. Interestingly, the optical band gap 

energies of MACD fractions were found to decrease with the increasing PSD, and the 

fluorescence of fractions are not excitation dependent but PSD related, red-shifting from 

blue to cyan to yellowish green as the PSDs increase from 6.2 ± 2.0 nm to 9.2 ± 1.7 nm to 

15.6 ± 6.0 nm. 
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Chapter 4  

Toxicity evaluation of boron- and phosphorous- doped silicon nanocrystals towards 

Shewanella oneidensis MR-1 

 

 

Reprinted from: Zhi, B.; Mishra, S.; Hudson-Smith, N. V.; Kortshagen, U. R.; Haynes, C. 

L., Toxicity Evaluation of Boron- and Phosphorus- Doped Silicon Nanocrystals s towards 

Shewanella oneidensis MR-1. ACS Applied Nano Materials 2018, 1, 4884-4893. 

Copyright 2018, with permission from the American Chemical Society. 
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4.1 Overview 

Si NCs, also known as Si quantum dots, are regarded as green alternatives to traditional 

quantum dots composed of heavy metal elements. While it is well-known that the 

semiconductor properties of these materials can be tuned by doping with p-/n- type 

dopants (i.e., boron and phosphorous), there is lack of systematic understanding of their 

potential environmental impact if released into the ecosystem. Here, we demonstrate that 

introduction of dopants, especially phosphorus, cause doped Si NCs to produce ROS, 

resulting in significant toxicity to a model microorganism, S. oneidensis MR-1. In addition, 

the interaction between bacteria cells and Si NCs was investigated using dark field 

microscopy and bio-TEM. Interestingly, boron-doped Si NCs tended to attach to the cell 

surface while this phenomenon was not observed for undoped or phosphorous-doped Si 

NCs. 

4.2 Introduction 

First discovered in the 1980s, semiconductor nanocrystal QDs, exhibit unique tunable 

luminescent properties due to quantum confinement effects.1, 2  Other features, such as a 

broad absorption range, high molar extinction coefficients, high QY, and satisfying 

photostability, render colloidal QDs competitive alternatives to organic dyes in 

applications ranging from electronic displays to biomedical research.3-8 However, the 

rapid growth of consumer products that make use of QDs, especially group II-VI QDs like 

CdSe- or PbS-based QDs, has aroused safety concerns regarding their environmental 




































































































































































































































































































