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Abstract

Optically emissive nanoparticlésave begun to find applications fields ranging from
domesticflat screerdisplays toclinical biomedical treatmengpurringthe development
of luminescenhananaterialsDue to theitunableoptical and electrical properties \ttee

quantum confinement effedraditional QDs have stimulateda significant amount of
fundamental research inft@noscale luminescence phenomasavell asa rapid growth
of consumerproducts that are made of QOdowever, the commercialization of QD
basedproductshas arouse safety concernstowards theecosystemas well as human
health considering the potential leakagehafavy metal contegtsuch agadmium, into

the environment Therefore, it is desirable to sign andorepare ecdriendly luminescent

nanamaterialsvith comparableor even improvegoerformancéo replace traditional QDs.

In recent yearggroup IV elementsg.g, C, Si, and Gehased fluorescent materials, such
ascarbon dad, Si or Ge semiconductoanocrystd,ar e f i nding favor
asthey areconventionally consideremsnontoxic elements and posegligible influence

on both the environment and human He&linder such context, this thesis work is focused
on thepreparation and bionaging applications of polymeric carbon dots as wethas
bacterial toxicity assessmewnf CDs as well asSi and Ge nanocrystals usiram

environmentrelated bacteriunShewaella oneidensidR-1.

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

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

optical properties dfitric acidbased CDs. Chapten8preserghow photoblinking malic

acidbased CDs are applied for swpesolution bieimaging experimentsand how as
Vi



made CDs are separated into different colored fractions effici€tippter 4 and 5 assess
how the dopingof Group IV nanocrystalswith boron and phosphorusduces the
generation of RS and as suchinduces toxicity to bacteridinally, in Chapter 6, an
automatic separation methaldevelopedo purify asmade citric aciebased CDs and

obtain multicolor CD fractions.

In summary,by carefully examining thenfluence induced byloped phosphorushis

work has revealed that the doping with P did not improve the photoluminescence
properties ofpolymeric carbon dots but manhanced their photostability. In addition,
undoped or lightly dpedcarbon dotsvere nortoxic in most caseddoreover,one of the
carbon products, malic acid carbon dots were tested to be suitable foresgiation
localization microscopynd after a reversgehase separation, it was confirmed that the
particle szeinfluenced the optical properties of individual carbon dot compon@ntthe

other hand, via a completeaterialscharacterizatiorand toxicity measurements, it has
been revealed that the doping with boron and phosphticusiot lead to structural

variation to silicon and germanium nanocrystalsresult in bacterial toxic effects.
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Chapter 1

Syntheses and applications of multicolor carbased luminescent dots
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1.1 Overview

Due to the prominent characteristics of carbased luminescent nanostructures (known
colloquially as CDs), such as inexpensive precursors, excellent hydrophilicity, low
toxicity, and intrirsic fluorescence, these nanomaterials are regarded as potential
candidates to replace traditiof@Dsin some applications. As such, research in the field

of CDs has been increasing in recent years. In this -newiew, we summarize recent
progress in studs of multicolor CDs focusing on potential photoluminescence
mechanisms, strategies for effective syntheses, and applications in ion/molecule and

temperature sensing, and higésolution bioimaging techniques.
1.2 Introduction

The first report on the discv er y o f Afl uorescent carbon
research interest in carbtased luminescent dots, namely, COypically, CD refers to
zeradimensional fluorescent or phosphorescent carbon nanostructures, where the particle
size is typically around 10 nA®. Up to now, there has not been a wadffined
categorizatioramong CDs, but conventionally, CDs with discernible crystalline lattices
are named as GQDiwith a single graphene layer) or CQ®dth multi graphene layers)

while CDs with an amorphous nature are named as CNDs ocamugatedPDs
specifically, GQDs b CQDs can be synthesized via {pwn methods, such as acid
treatments of bulk carbon sources (e.g., anthracite coal or carborflatke a bottom

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

such as citric acid and dopamfhe.
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Figure 1.1. The summary of carbon dot publication since 2005, analyzed via Web of Science up to April
25" 2019. Search criteria: TOPIC: (carbon dots) OR TOPIC: ("carbon guantum dots") OR TOPIC:
("graphene quantumiots™) OR TOPIC: ("carbon nanodots”) OR TOPIC: (“rammjugated polymer dots™)
NOT TITLE: ("quantum dots").

Typically, CDs are characterized by broad choices of inexpensive precursors, ease of
synthesis and surface functionalization, bright luminescemrcellent photostability, and
superior biocompatibility: & - 12Hence, CDs have the potential to replace traditional
semiconductor nanocrystals QDs, which are usually-bagt and raise environmental
concerns due to their heavy metal contént! Consequently, CDs have bee a fast
growing field, attracting an increasing number of researchers to refine synthesis strategies,
improve optical and optoelectronic properties, and develogp&fad applications, such

as selective sensintg?!® targetspecific bioimagind? 2°22 environmental remediatiof,
LED,?*28 energy conversion devicé$®? and photocatalysi$ 33 3% As shown in the
publication analysis (Figurkl), in recent decades, publication efforts on CDs are robust,

especially after 2012, making CDs a hot research topic in nanoscience.



However, most of the reported CDs only emit intense blue or green luminescence,
especially for popular citriacid based CD$.2%3° Compared to traditional QDs, such a
narrow emission window and short emission range (~450 to 560 nm) limits the
development of CEbased appl@tions, such as cokmoded sensing systems and ull
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 recentears, publications on multicolor emitting CDs or lemgvelength
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 plotoluminescence 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 challengesefdthe f

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 emissio@fom C
such as sizeependent emission (the quantum confinement effect), surfacalstated

luminescence, and embedded molecular luminophores.

1.3.1Sizedependent emission



As the patrticle size distribution of typical CDs (~10 nm) is comparable tquhetum

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#%% Yuan and ceworkers generated a $&s of nitrogerdoped, surfacp@assivated,

and highly crystalline CQDs by tuning the fusion and carbonization of citric acid and
diaminonaphthalene via a botteup solvothermal metho@. Interestingly, by carefully
controlling the synthesis conditions, the emission ofitleeCQD 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 ba&ude excitonstate 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 fio® nm (blue CDs) to 6.68 nm (red
CDs). As such, authors deduced that thegtatting emission revealed the bandgap
transitions in CDs derived from the quantum confinement effect. In our previous work on
malic acidbased CDs, we applied revergathse olumn chromatography to separate as
synthesized polymeric CD products (of which the emission was excitation depefident).
Three main CD fretions 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 opti¢dandgap energies froh97 eV to 2.91 eV to 2.21 eV. Even though the

sizedependent emission mechanism is supported in some cases, other studies were unable



to find a correlation between size and emission wavelefigth. Thus, other
photoluminescence mechams are being explored, such as surface state and molecular

luminophore.
1.3.2Surface statelerived luminescence

Using either topdown or bottoraup synthesis routes, a high temperature (typically 100

200 €) is necessary to break down carbon precursopotymerize/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 expect sfisp® hybridised carbons,
surface defects, and other functional grot¥$.As these surface moieties possess
different energy levels, some researchers agree that the surface states of CDs should
influence the multicolor emissiodd. 4" “8 Ding and ceworkers applied a orgot
hydrothermal metbd to prepare CD mixtures, and after a thorough chromatographic
separation, luminescent CD fractions were obtained covering almost the entire visible
range>® TEM was used to determine the CD size ranges as well but it was found that the
particle size distributions were quite broadu$hthe 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 condéewt degree of oxidation corresponded with

the red shift of CD emissions. As LUMO is influenced by oxygen spétiksy claimed

that the band gaps between HOMO and LUMO should decrease corresponding to the



intensifying surface oxidation of CD samples, leading to a red shift in the

photoluminescence emission.
1.3.3Molecular luminophores

Molecular luminophoralerived emission or molecular state emission is another prevalent
hypothesis for CD emission upon preparation by botpnrmethods$*°° Considering the
existence of active functional groups (e.g., carboxyl and amine groups) within the
structures of molecular precursors (e.g., citric acideapldenylenediamine), these carbon
precursors can reaglilreact 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 longaction timef? 6°%2it is reasonable to expeather 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 td@stics. Recently,
Rogach and coworkers hydrothermally synthesized three different CDs by reacting citric
acid with three different amine precursors (e.g., ethylenediamine,
hexamethylenetetramine, and triethanolamife}®> They carefully characterized the
chemical environments of carbon and nitrogen species within the CDs -vegy X
photoelectron spectroscopy, and compatbkdir 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 ethyleradineCDs (eCDs) and hexamethylenetetramine
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CDs (hCDs). Moreover, they claimed that fluorescent citrazinic acid derivatives were
attached to €Ds and hCDs by comparing their photoluminescence lifetimes to that of
pure citrazinic acid. Zhang and-wmrkers 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 samPldhey prepared fiveed-
emitting CDs by reacting-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 reidb{34Am).
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 hydrogenrdoomdated

moleailar 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-fumethe emission wavelengths of the

final CD products via adjusting synthesis conditions. In the past decades, most of the
reported asynthesized CDs emit blue or grééfi! however, it is desirable that CDs can
luminesce across and beyond the visible spectrum comparabkent®D counterparts;
specifically, longwavelength emission (e.g., red or even near infrared regions) can
provide deeper penetration depths for biological microscopy applic&fidfisn fact,

quite a number of synthesis successes for multicatoat longwavelengthemitting CDs



have been reported; this section summarizes these achievements based otictie cri

synthesis element: precursor screening, solvent engineering, or refining via separation.
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Figure 1.2. (&) blue, yellow, and orange emitting CDs prepared from phenylenediamine derivatives.

Adapted with permission from R&f (b) multicolor CQDs obtained by the assembly of phloroglucinol
molecules. Adapted permission from gfc) the emissions of CDs were tuned from the blue (482 nm) to
the neafinfrared (680 nm) region by adjusting the ratios of polythiophene derivatives. Adapted with

permission from Réf

1.4.1Precursor screening for multicolor CDs

The choice of carbon precursors plays a critical role in the generation of multicolor CDs.
Typically, in topdown approaches, bulk carbon sources with crystalline character are
chemically or physicl Abr oken downo to obtain GQDs
include carbon fiber® single/multi wall carbon nanotub€e$; "t and other carberich
chemicals’® ® Yuan and ceworkers synthesized singlayer and singlerygalline
GQDs by refluxing @sHzo with fuming nitric acid, followed by hydrothermal treatment

at 200°C.%* These GQD products exhibited a uniform particle size distribution and more
importantly, their optical properties, such as absorption, photoluminescence, and two
photon photolminescence, 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 obtaimg longwavelengthemitting CDs. For example, Gong and-workers
produced N, Rodoped CDs using a ostep acidic oxidation of pumpkin bysPiQ.."*

These CDs emitted at 550 nm (yellow fluaresce), corresponding to an optimized
excitation of 425 nm. In recent work by Jiang andnakers, regemitting CDs were
obtained by carbonizing sugar cane bagasse with concentrgg€d &hd BPQ; at 100

°C. Moreover, these CDs can be coated onto pojyMinoride membranes for the
fabrication of a soliestate fluorescent vapor sensor, which could selectively detect and

quantify the level of toxic ammonia g&s.

Compared to these tagown synthesis, bottomp methods are typically accomplished
using a hightemperature solvothermahvironment 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 citfic aci
originally characterized by emission of intense blue fluorescEné®° however, in

recent years, several bretiikoughs have been reported where citric 4@ded CDs can
fluoresce in other spectral regiof?s*®* For example, Hola and emorkers reacted citric

acid with urea in formamide at 180 € fd.2 hours and then the obtainedsgathesized
mixture underwent a chromatographic separation in an anohange columft 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 graphigemitro
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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 &eéade.

53, 63, 76, 887 Chen and coworkers reported their synthesis work of three different
luminescent CDs using -phenylenediamine, sphenylenediamine, and p-
phenylenediaminas carbon sourcé&The PD precursors were dissolved in formamide
and heated in a microwave react o-preparéed 160
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 vyield was enhanced with increased
nitrogen contet and that the emission rstiifted with increased C=€ZONH- content,

the authors posit that the luminescence properties are impacted significantly by the surface
states, that is, nitrogerontaining functional groups and the degree of oxidation. Lal et.
chose ephenylenediaminand phthalic acid as precursors and applied apohe
solvothermal method to prepare -s8ithesized CD mixturéS. A subsequent
chromatographic purification was conducted to precisely separate them into three different
colored products (green, yellow, and orang&fter 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 aromizc phenylenediamines, phenol derivatives are also finding increased

use in the synthesis of multicolemitting CDs*? 8% Yang and coworkers published

11
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their inspiring design of the assembly of phloroglucinol molecules into multicolor
triangular CQDs via a simembered ring cyclizatiotf. They skillfully controlled the
propagation of the ring cyclization by applying varied amounts of the catalyst,
concentrated sulfuric acid, and astsuinetuned the sizes of CQDs from 1.9 to 3.9 nm.
Along with the increase of the CQD sizes, the emissionshidtéd from 472 to 598 nm
and fluoresced four different colors (i.e. blue, green, yellow, and red) corresponding to a
decrease in optical banalyg energies from 2.63 to 2.07 eV, which was ascribed to the
guantum confinement effect. In addition, as revealed fgyXpowder diffraction, high
angle annular dark field scanning TEM, and higholution TEM, the entire set of CQDs
exhibited sharp (003jiffraction peaks and wellefined crystalline lattice fringes of the
(100) plane, indicative of the highly crystalline nature of these CQD products.
Furthermore, DFT simulation studies provided insight that electoorating hydroxyl
groups on the surfaad highly crystalline CQD reinforce the charge delocalization and
restraine the coupling of electrons and photons, contributing to the higkpcwitr and

narrow emission bandwidth (FWHM of 3D nm).

Polymers consisting of aromatic monomers, such aghpophene derivatives, can also

be used to synthesize multicolore CHS$*%” Wang and coworkers are taking the lead in
designing tunable multicoleemitting CDs using polythiophene derivatives as starting
agents’ 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-imdared (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 sugdetiffédrances 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 forthe 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-thigperature
hydrothermal or solvo#trmal 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 witietuadd
molecular structuresand relatively predictable reaction routes, such as aromatic
compounds that are known to form graph&ke CD structures via controllable syntheses.
However, beyond the relatively high expenses of these aromatic chemicals, CD
researchers should also beamev of their high toxicity and their potential hazardous
influence on the environment and hum&h$! Moreover, aniline and phenol derivative

are subject to oxidation in ambient environm&3t$®and as such, they demand-fage

and lowtemperature storage conditions, which may eventuatisease the synthesis or
application cost. Therefore, it remains a challenge and requires further exploration to
understand how to prepare these "aromatic" multicolor CDs in ariendly and

economical manner as those traditional CDs, such as citribas&tl CDs.

1.4.2Solvent engineering for multicolor CDs
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Figure 1.3. (8) Multicolor CQDs synthesized by tuning the composition and ratios of reaction solvents
(water,DMF, ethanol, and acetic acid). Adapted with permission from°&¢) The solvatochromism of
CDs induced by the polarity difference of solvents: £L@luene, CHGl acetone, dimethylformamide,
CH3OH and HO. Adapted with permission from Ré&f
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2.15 eV, covering the spectral emission range from 460 to 620 nm (Hidae In

addition, their optical propeds 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 functioniaition of CDs. Thusthey claimed that the mechanism of their

0

app

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

groups. In contrast, though solvatochromism achieved bytpsment may not be

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

to tune the emission of CDs in specific solvert$!®'!? The p-phenylenediamindased
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CDs prepared by Wang and-smrkers exhibited solverdependentout excitation
independent emissions from 511 to 615 nm (e.g., from dark green to red) upon the
dissolution in CCJ, toluene, CHG acetone, dimethylformamide, @BH and HO,
respectively (Figuré.3b).*°In addition, based on their-ay photoelectron spectroscopy

and FTIR results, they qualitatively demonstrated that the heteroatoms that are attached
to the CD structures, such as nitrogen and oxygen, contributéntcreased 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, gdale the increase of solvent

polarity, the bandgaps gradually decrease, leading to emission redshifts.
1.4.3Separation or purification methods forggthesized CD mixtures

In general, the syntheses for CDs requires a-tegiperature (~100 to 2%0) for either

the breakdown of bulk carbon (the tegown method) or the carbonization of precursors
(the bottoraup method) and so, under such a highly active reaction condition, it is
challenging to carefully control of the formation of CDs. As a resulist assynthesized

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 dbgdeetevibatoms

or not, depending on the types of carbon sources and redttibt$® 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 excitatimiependent emission anecreasing!”
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118 assyrthesized CDs are still weknown for their excitatiorlependent emissid: >
119, 120ynder such circumstance, it is necessary to purify or separate CD blends before
well-defined CD samples are available for studies of lestence mechanism or the

development of CEbased applications.

Typically, CD researchers perform a tstep postreatment to refine CD mixtures: 1) a
rough purification by dialysis, filtration or centrifugation and 2) a thorough

chromatographic separatiosuch ag. LE andSPE* 34 121

In most cases, step one is used to remove unreacted starting chempipedsiuets 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 exantpkeasprepared CDs by Bao

and ceworkers were synthesized by oxidizing carbon fibers with nitric acid, followed by
an effective ultrafiltration of CD® Specifically, multicolor CD fractions (from blue
fluorescence to red) were obtained via applying ultrafiltration membrands amit
increasing MW equivalents, that is, < 3,13, and 180 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 influehiEaction

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 optioaperties 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
16



advantage of normal or reverse phase silica column chromatograpibpexchange
column chromatography, or HP12 .53 122123 jn and coworkers recently utilized/m-
phenylenediamine and tartaric acid as precursors for CD syntfi@des assynthesized

CDs were further purified with a sili@lumn 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 th&ze 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 inferrd 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, these of a significant amount of organic solvents and the high cost of
separation apparatus such as HPLC instruments hamper theugcafeLLE-based
separation techniques. On the other hand, as SPE approaches are less costly and easier to
scaleup, they carbe another promising option worthy of consideration. Georgakilas and
coworkers recently reported their work on the splithse separation of -agnthesized

CDs using their selfleveloped aluminium columid? To prepare the CDs, citric acid and
diamines (e.qg., triethylenetetraminedamphenylenediamine) were chosen as precursors,
and their solution in water or ethanol underwent hydrothermal treatment, resulting in the
asprepared mixture. Then, these crude CDs were examin@d®yto distinguish CDs

from undesired organic compoundsice as byproducts or unreacted precursors.
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Meanwhile, based on the TLC results, the compositions of mobile phases were optimized
for the followron SPE operation, leading to a simple and effective purification for yiolet

blue-, green, and yellowemitting CDs.

As mentioned above, the CD field has largely come to a consensus that it is essential to
purify or separate the &ynthesized CDs to achieve refined multicolor CD fractions for
further studies. However, due to the complexityastynthesized 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-ggnthesized 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, uihthe 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 inceases the cost of syntheses and hinders-targle syntheses. Therefore, it

is desirable that the syntheses for multicolor CDs should be free of {eiensive and
time-consuming post treatmeni®: 26 Fortunately, up to now, a few pioneering studies
have been published, presenting inspiring work on the sepafeg®rsyntheses of

multicolor CDs with a high color purit§?: 127
1.5 Applications of multicolor CDs

Akin to other luminescent materialsetkmission behaviour of CDs, in essence, refers to

the energy transfer between photons and electrons. A variety -@fa€&1 applications
18



have been designed and developed, especially in the areas of sensing and imaging. This
review will provide a summary @écent progress using multicolor &iased applications

for ion/molecule and temperature sensing and modern bioimaging.

1.5.1Selected sensing with CDs
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Figure 1.4. Multicolor CD application in metal iosensing. § Fluorescence emission of CDs at 466, 555,
and 637 nm when excited at 360 nm, 450 nm, and 540 nm to 13 metab)dfisn¢iple component analysis
of the discrimination of the 13 metal ions based on the fluorescence emission of the CDdedgmm

ref. 129,

Due to their intrinsic fluorescence, CDs have been developed as sensors for a variety of
targets, including pH?* 129131 temperaturé® 32 13metal ions?® 132 13437 gnd otherd3”

143 Most detectio 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, £D 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 labdtee pH nanosensor was used to test intracellular pH in Hela
cells®® Ratiometric sensing avoids many factors that influence measurement of the
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absdute fluorescence intensity such as the stability of light source and the concentration

of CDs130

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 tempebatiween 25 75°C.144

In another case, the fluorescence lifetime of N,Sdaped CDs was found to be

temperaturalependent and was applied to monitor intracellular temperture.

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 (1.5x1®to 0.5 mg / mL) or pH (82) and is stable for aeast 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*tells.

CDs are also known to be sensitive to various metal ions, includifig‘tag* 34 Hg*,136

Cu?* 135 Co?* M5 PPt 16 and otherd#*149Lin and coworkers used CDs synthesized from
citric acid and formandie 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 irFigure 1.4, CDs showed different emission intensities in the presence of
different metalions, and these ions can be differentiated properly using principle
component analysi€® These multicolor CDs could be built into a platform for
simultaneous discrimination of multipheetal ions. In another study by Lin and coworkers

where multicolor CDs were also made from citric acid and formamide, CDs formed
20



ensembles with the metal ions:3é~€" and C3". These CBmetal ion complexes could

effectively distinguish various phospbainions, such as ATP, ADP AMP, PPi and°Pi.

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

sensing and distinguishing different ioas their fluorescence emission at different

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

listed in Table 11. Despite these early successes, further clarity on CD structure and

emission mechanisms would facitéamore 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
450nm
455 nm
510 nm
550 nm
568 nm
594nm
632 nm

440 nm and 615 nm

glucose

ascorbic acid

2, 4, Gtrinitrotoluene
alkaline phosphate
H*

Ag* and cysteine
Fe

Pt£*, Au** and P@*

Ccw*

9-900 M

24-40 ¢€g/ mL

10 nM- 1.5uM

0.01to 25 U/L

pH4.7-7.4

1-7 &M aln0d e2M
9.7 NM- 4 M

0.886, 3.03 a
160 M

8.82 nMi 225 nM

138

140

139

141

74

134

151

152

153

1.5.2High-resolution biamaging with CDs
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Figure 1.5. Diverse applications of CDs in bioimaging. (A) Tsygboton fluorescence imaging of CDs
internalized by human breast cancer cells (reprinted fromf.(B) Superesolution singlemolecule
localization microscopy (SMLM) enabled by photoblinking CDs. The substantially improved spatial
resolution helps resolve closely aligned fine structures within a diffrattioted area (reprinted from ref.

20), (C) In vivo tumor imaging with NIR CDs: <i> brigffield image, <ii> fluorescence imagsiii> color-

coded image of a nude mouse bearing papillary thyroid carcinoma cells. After 30 mintEa&nous
injection, CDs primarily accumulated in bladder and the xenograft tumor site (pointed by arrow) (reprinted
from ref. 1%9). (D) CDs ugd for siRNA delivery. HelLa cells were incubated with passivated CDs (blue)

loaded with CyHabeled siRNA (red) for 2 h. The docalization of CDs and Cy5 signals implicate
successful delivery (reprinted from réf).

With about two decadesd devel opment and
feature excellent water solubility, tunable fluorescence emnissid10-nm size, superior
biocompatibility, and photostability, making them ideal for a broad range of bioimaging
applicationst>” 158 Without specific surface modifications, CDs can be readily
internalized by different cell types.@.,plant, bacterial, fungal and cancer cells) (Figure

1.5a) 159162 gand have been found to localize in various intracellular compartmegts (

22
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cell membrane, cytoplasm, mitochondria, endosomed lysosomesy, 154 163 164
possibly dependent on the differegnthesis 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, suchsd COOH andi OH, which can be conveniently modified or
conjugated to realize a diversity of sensing/imaging tasks. For example, by covalently
binding the C(EminemethyipheayE? , £ bdljterphmijin2 NRNETPY)
molecules, Tian and coworkersopuced integrated GIDPY particles that exhibited pH
dependent fluorescence emission where increasinf [pdtently increases the
fluorescence intensit{?® In another casem-phenylenediamines derived CDs-CDs)

with surface isoquinoline and amines specifically interacted with the major groove of
RNA through strong electrostatic force ant” stackng, which enabled lorterm
imaging of cellular RNA®® To date, surfacenodified CDs have also been explored for
cancer detection and have shown great promise when espedfic markers were
targeted, such as the folate receptét’® Of particular note is the facile production of
multicolor CDs from the same precursor, suggesting that similar surfaddigation
chemistry could be exploited to facilitate targeted imaging of more than one target
simultaneously’*"® All the synthesis and furagnental efforts with CDs facilitate a

variety of nextgeneration biosensing and medical applications.

One inherent challenge constraining conventional optical microscopy is the diffraction
limited spatial resolution (> 26B50 nm). Over the past decade, su@solution

fluorescence microscopy (SRM) has experienced rapid advancement due to the continued
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development of new instruments and labeling matetidigsccording to their distinct
working principlescurrent superesolution techniques can be classified into two major
groups: patterned illuminatielmased microscopy(g.,STED andSIM), and SMLM {.e.,
STORM, PALM, or SOF). The first demonstration of SRM using biocompatible CDs
was achieved bffompa and coworkers with the STED technitfdén 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 fluorescenamission of CDs was nen
intermittent and noyphotoblinking!®® However, a growing body of evidence has revealed
that the photoluminescence prajpes of CDs are subject to a large number of factors, and
the fluorescence intensity of certain CDs do actively fluctuate in -lpse
experiments/¢1’® The photoldhking of CDs makes them suitable for applications in
singlemolecule localizatiotbased SRM. Recently, two studies have characterized the
photoblinking properties of asynthesized CD€ 1"°As determined in these studies; as
synthesized CDs exhileidl a low oroff 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, achieving325m spatial resolution (Figure

15b). Moreover, wih supefresolution capability, the cellular uptake and transport
processes of CDs were better resolved. Representative applications of CDs in SRM are

summarized in Tabl&.2.
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Table 1.2. Application of CDs in SRM.

Particle size Imaging method Cellular localization Resolution achieved Ref.

5nm STED lysosome 30 nm (lateral) 175

4 nm SOFI nucleus (blue dots); 1.4fold improvement over 164
endosomes/lyssomes wide-field imaging (lateral)

(green dots)

4.5 nm SMLM microtubule, CCR3 25 nm(lateral) 178
membrane recepto
(antibodybased)

5.4nm SMLM nucleolus 4-fold improvement over 88

wide-field imaging (lateral)
51 15 nm SMLM mitochondria 30 nm(lateral) 20

In addition to the demonstrated potential imaging in cultured cells, CDs have proven to
be versatile foin vivoimaging as welt® By tuning the emission to tHeIR range, the
biodistribution and toxicology profile of CDs prepared from acid oxidation of carbon
nanotubues and graphite has been studfetMoreover, it was found thadifferent
injection routes resulted in distinct body distribution and clearancé®fdegeneral, CDs

are nontoxic and mainly excreted from the body through the urinary system. Furthermore,
CDs have shown strorigPReffect in tumor sites and therefore have been explored as an
effectivein vivotumor imaging agent (Figure5¢).15> 169 183. 184n |ight of these findings,

CDs can béurther functionalized for multimodah vivoapplications 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,
radiaton therapy, and gene therapy (Figgd). % 185187 Owing to the intrinsidén vivo
imaging capacity, CRlependent drug delivery and nanomedicine have the potential to

enable reatime trackng, which will greatly facilitate effective drug discovery.
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1.6 Perspective and future directions

It has been fifteen years since the brdakugh discovery of carbeomased fluorescent
nanostructures in 2004. Due to their fascinating luminescent feattibess 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 creatpleapons 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, timeonsuming postreatment procedas, 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 ingpprogress. Accordingly,
critical next directions for CD researchers include: 1) approaching the luminescence
mechanism mystery based on direct observations of CD structure, making useait state
the-art characterization techniques and accurate compughtsimulations that construct
theoretical CD models, 2) refining synthesis conditions that are suitable for-spaled
preparation of highly pure multicolor CDs, and 3) designing and fabricatingaSBd
applications to address urgent issues, such acal@dibiologicablevices, environmental
monitoring platforms, and conversion/storage appliances for sustainable .energy
Therefore, to cope witlthesetecmological gaps, this thesis woik featured by the

pioneering worlon the purification andpplications of CDs, such applying automated
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technique to sperate -asade CD crudes as well asilizing CD products for super

resolution microscopy imaging technique.
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Chapter 2

Investigation of phosphorous doping effect on polymeric carbon ftladsescence,

photo stability and environmental impact
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Reprinted fromZhi, B.; Gallagheyr M. J.; Frank, B. PLyons T.Y.; Qiu, T. A, Mensch,
A. C.; Rosenzweig, Z.; Fairbrother, D. H.; Hamers, R. J.; Haynes, Gwvestigation of
Phosphorous Doping Effect on Polymeric Carbon Dots: Fluorescence, Photostability and
Environmental ImpactCarbon 2018 129, 438449. Copyright 2018, with ermission

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 nitrogewloped polymericCDs were synthesized by usin@A 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 €Ds (N
doped or NP codoped) were obtained and named as@B3s, CAP-CDs, MA-CDs,

and MA-P-CDs. QY and fluoresence lifetime analysis indicateat phosphorus doping

of up toc.a.10 wt.% aesnot induce a remarkablefluencein CD photoluminescence.

The photostability of the N, P etoped MACDs (MAP-CDs), however, was observed to
increase compared to theddped MACDs under 350 nm UV exposure. Lastly, to assess
the impact of this emerging nanoparticle on prokaryotes, theerdoxicity of these

CDs was tested usinghewanella oneidensi®R-1 as a model msroorganism.
Interestingly, the CDsxhibited no toxicity in most cases, and in fact facilitated bacteria
growth. Hence, this work suggests that CDs are potentiallyfressally fluorescent

materials.
2.2 Introduction

Since the discovery of CDs during the purification ot@discharged SWCNTSs in 2084
they have become a carbon nanoallotrope of great irtete@senerally, CDs are zero
dimensional carbon nanopatrticles of 2 to 10 nm diameter with-gphsrical morphology.

The majority of the carbon within the CDs is®4yybridized and usually exists as
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amorphous carbon, differefitbm the other OD carbon nanoallotrop)s, which consist

of highly crystalline domairf®. Due to their excellent photoluminescence, stability, low
cost, and easy preparatfofi®, CDs have been under intense investigation for their
potential applications in sensihy, bioimaging or cell labelling*>?, drug delivery® 7,

white lightemitting devicé 8 and energy conversibit.

A variety of methods have been developed to generate fluorescent CDs in the past decade.
Roughly, these synthesis appdowmdear cfamotbte
upt82Gener al | y 0 wh iteinvdvesobpeaking down bulk carbon sources,

like graphité® 23 carbon fiber§ 25 or carbon nanotub&s?® into tiny carbon
nanoparticl es, namel ydowanobesgntdbéesic Avacthe
electrochemistry, arc discharge, laser ablation or plasma treatm&i@onversely, the
Abotupdm route refers to the construction o
molecular precursors such as sacchaffdesganic acids 3 or amino acid® 3! via

combustion methods, hydrothermal/solvothermal treatment, or microwave irratiftion

To be more specific, microwawheatingbased synthesis capitalizes on internal precursor
molecular rotation transitions coupling with external electromagnetic irradiatitus,

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

an immediate on/off switching in heati?g® Hence, compared to other methods,
microwaveassisted thermal treatment conserves both time and energy, and might even
avoid undesirable side reactions or facilitate new reaction fate¥hus, microwave

heating has been broadly used as a promising methquepare stable and highly

photoluminescent CB< 352,
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Doping heteroatoms into CDs has been a popular concept for potentially improving the
performance of carbon nanomateridfs. A significant number of doped CD studikave

been reported, most of them doped with-nogtal heteroatoms, such a&1p, S* 46 B4"

49 or P*°L there are also rare cases aftal atom dopants such as*€wMg® and G@*“.

In general, doped CDs have exhibited improved optical properties compareddopezh

CDs, such as higheQYs and longer fluorescence lifetimes, especially when a
functionalization route is used. The chemical idgniftthe doped heteroatom influences

the electron distribution within the CDs, altering the bgag energy and thus improving

the CD photoluminescente® Currently, there is a lack of systematic investigations on
the effects bdoping on the properties of CDs. To address this issue, a sepielymieric

CDs with different levels of doping was synthesized herein to compare the fluorescence
properties of theggolymericCDs, and to elucidate whether doping is an effective glyate

for polymericCD performance improvemert.is important to mention here that there is

a range of definitions are used for carbon dots nhanomaterials, including carbon quantum
dots, graphene quantum dots, and polymer dots. To avoid confusion, thetprodde

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

polymerized intermediates.

CDs have exhibited comparalier's to traditional semiconduct@Dsand they are free

of toxic heavy metal ioris*. Thus, they are assumed to be of low toxicity and may serve
as a green alternative to JH2. Up to now, met 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/dogé&d CDs
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61 To assess theirue 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 wel are ubiquitol® and thus likely to first interact with and respond to
nanomaterials released into environméhtoneidensi$IR-1, first discovered in Lake
Oneida, NY? is a species of Gramegative bacteria important in the ecosystem based on
their notable ability to reduce metal oxides via dissimilatory reduction under anaerobic
condition$?. In addition,S. oneidensi$IR-1 has been widely applied in nanomaterial
toxicity screening, including studies of silver NPgyold NP<8, and Liion battery
material§’. Thus,S. oneidensisIR-1 has been chosen herein as the model microorganism

to evaluate the potential environmental impact eahNd RdopedpolymericCDs.

In this manuscript, we will demonstrate the synthesis, materials characterization,
photogability tests, and bacterial toxicity screening of nitrogen and phosphdopmesi
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 tlyengoic

carbon dots that result in the exciting photoluminescent properties.

Specifically, this work explores the impact of phosphorous doping on nitcaeed
polymericCDs. Based on quantitative analysis, we find that doping phosphorus into the
polymerc CD structure using a phosphoretantaining precursor does not significantly
impactpolymericCD fluorescence behavior, includiQy’ and lifetime. The phosphorus
dopedpolymeric CDs, however, do demonstrate enhanced photostability durin@® UV

exposure (80nm) compared to undoped polymeric CDs. Interestingly, comparing the
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photoluminescence performance of nitroglepedpolymericCDs generated from citric
acid, containing three carboxylic acid groups versus the two carboxylic acid groups in
malic acid showvsignificant 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 bactéa growth in most cases, highlighting the potentigbotiymericCDs as

an emerging fluorescent nanomaterial with minimal adverse environmental effects.
2.3 Experimental
2.3.1 Chemicals

Citric acid (ACS-maé¢age mtc,i dOq R eashdsphdriPll u s E,
acid ACS reagemnkQ) Q@hnH% ed hyl enedi amine (Reag:
purchased from Sigma Al drich. Quinine sulf
was obtained from Fisher Scientific. The Biotech cellulose ester membrane (MAEO

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. DifcbB broth (Miller) and

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

was purchased from Mediatech, IndaCl and HEPESwere purchased from Sigma

Aldrich.

2.3.2Synthesis of amorphous polymedarbondots
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The synthesis was adoptddm previous reporfswith minor modificatons. 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-t®0 b eak er , and then
ethylenediamine was added. The reaction was completed within one mirngat agas
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 -yedioge

foamy solid was cooled in a fume hood for 20 minutes before 10 mL of MQ water was
added into the beaker. The obtained reddlisiwn transparent solution was dialyzed for

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

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 € for one day.

To generate varied phosphotgped citric acidoolymericcarbon dots (the CG&R-CDs
series),2mLot i t ric acid stock solution was pour
phosphoric acid was added. After mixing f«
added. The subsequent procedure was the same as followed for the CACDs. FRus, CA

CDs1 were obtaiad. To synthesize GR-CDs-2, 3 and 4, phosphoric acid was added in
qguantities of 68, 136 and 272 gL, respectd.i
P-CDs series were all yellow powders with gradually darker yellow color with increasing

amount of dopd phosphorus.

For the synthesis of MACDs and the MACDs series (phosphoraped 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 setles appeared

as dark brown powders.
2.3.3 Materiakharacterization

Extensive characterization was performed to learn as much about the chemical and
structural characteristics of the CDs as possiblevig\extinction spectra were obtained
using aMikropack DH2000 U\-Vis-NIR spectrometer. Fluorescence spectra were
measured with a PTI QuantaMastér00. EEMswere collected on a Thermo Scientific
Lumina fluorescence spectrometer (Waltham, MA USA) with the 3D Scan Module using
a 1 cm path length cel2.5 nm slit width, and internal correction for the lifetime of the
photomultiplier tubewith excitation from 206600 nm (5 nm step size) and resultant
emission collected from 36060 nm (1 nm step size). Inner filter effects were avoided by
using a dilué polymericCD solution with an absorbance of 0.1 at the peak absorbance
(c.a350 nm). The morphology and size distributionpofymeric CDs were examined

using a FEI Tecnai &-30TEM at 300 kV. The TEM samples were prepared by dropping

an aqueous suspenis of polymericCDs onto a 30@nesh gold grid coated with an ukra

thin lacey carbon film. WidangleXRD data were collected by a Bruk&iXS (Siemens)
D5005 XRD wusing Cu KU as the radiation sou
in the range froni0to 70° The ATR-FTIR spectra were recorded with a Nicolet Magna

AR 750 spectrometer. ThePS spectra were analyzed by a Surface ScienceAS@X

using a monoc h-rapsoadei(50 eVApass &nergyXand 0.9 eV energy
resolution by the full widtfat half maximum of Au é. peak) and a PHI 5600 XPS (58.7

eV pass energy, 0 -rays) &nd mrocdssed with CasaMBS seftareX
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(Teignmouth, UK)EDAX was performed on a JEOL 6700F SEM using-&¥Z@lectron

beam using an EDAX Genesis 4006ray analysis system as a detector. Akhges

were collected in tapping mode using a Dimension FastScan AFM (Bruker, Santa Barbara,
CA, USA). Si nitride cantilevers with nominal spring constants of 18 Nwere used for
imaging samples in air at room tematerre. A Bruker Avance Ill HD nanobay AX00
spectrometer equipped with SampleXpress autosampler (Billerica, MA, W&:\used

to obtain®*C-NMR spectra of suspensions of nanoparticles i®.0The ACD/Spectrus
processor (ACD/Labs, Toronto, Ontarf@anada) was used for manual phase correction

and peak assignment.
2.3.4Photostability 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, anevis UV
extinction spectrum from 25800 nm was obtained for each sample using a Varian, Inc.
Cary® 50 U\tvis spectromir (Agilent Technologies, Santa Clara, CA USA). Before
each U\Vvis measurement the quartz cuvette was rinsed with 500 (L opahgmeric
CD-containing solution before 2 mL was pipetted in for analysis. Five technical replicates
were recorded for eagiolymericCD 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 arhQOpolymericCD-containing solution that
exhibited an extinction d.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 plagymericCDs remaining were measured using
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a Oriom™ 91BBNWP SemiMicro Combination Ag/AgCl pH probe (Thermo Scientific,
Waltham, MA USA) and Lumina fluorescence spectrometer (Thermo Scientific, Waltham,
MA USA), respectively. Thgolymeric CD-containing solutions in the glass test tubes
were exposed in an RPE0 Photochemical Rayonet Reactor© (SNEUVCo Branford,
CT, USA) equipped with sixteen RMB500A Black Light Bulbs (>90% emission, 350

nm, 1.76*107 quanta/s as measured with actinometiga infra). The extinction spectra

for each set ogpolymericCD-contaning 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.
2.3.5QY andUygmeasurement

The QY of CACDs, the CAP-CDs series, MACDs, and the MR-CDs series were
determined based on protocols described in previous r&hbttThe 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 EBQ: ( W = %°@nd Gséd)as the standard for @¢ measurements
(fluorimeter settings: 340 nm excitation, emission range: 350 M@0 nm, 1.5 nm slit

width). The QY of CDs were calculated by the following equation:
0 v Oro p pT Tp pT - 1~

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

maximum, OD means optical w&ty (lower than 0.1 to avoid inner filter effects), apd
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is the refractive index. The value of the subscxitentifies thepolymericCD sample

while STD indicates the standéfd

Lifetime measurements were performed three times in parallel on the same samples
(extinction ~0.1) with a 37Bm laser as the excitation source (Becker&Hickl GmbH BDL
375SMN Picoseond 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 multirexponential decay kinetics:
00 | A@DO+

And t he amp lakdf encheeplaatedsrgiseg by: U

wherel is the preexponential factort is the lifetime of each dec&y
2.3.6Bacterial culture and polymeric carbon dot exposure

S. oneidensiMR-1 stock was a generous gift frahe Gralnick Lab at the University of
Minnesota.S. oneidensi®IR-1 were stored ai80 € before being inoculated onto LB

agar plates. The plates were incubated at 30 € until discernible colonies were obtained.
About 23 colonies were transferred into @l 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 ©®s00. Bacteria cells were pelleted by centrifugation at 750

x g for 10 minutes, resuspended iDPBS buffer, and dispersed into HEPES buffer (2
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mM HEPES and 25 mM NacCl, at pH = 7.4). The bacterial suspension was then diluted to
~0.05 ORooso that the cell density was ~I@lls/mL. The concentration of tipelymeric

CD working solution was 50 mg/mLThe 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.
2.3.7Colony counting assaysr@p plate method)

To examine the possible toxic effect of phosphatoging intopolymericCDs (that is,
comparing Ndoped polymeric CDs and N, P calopedpolymeric CDs), an adapted
colony counting assay (drop plate methods) was used for the bacgramaidensisIR-

17%. A bacterial suspension of about’ tells/mL (~0.05 Ol was exposed to 5 mg/mL

of polymericCDs, followed by a 1@old serial dilution to dilute the bacterial suspension

to a proper cell density. Aliquots of 1 from three DFs of the exposed bacterial
suspensioni,e. 103, 10% and 1, were dropped onto the surface of LB agar plates, and
the agar plates were incubated at 30 € overnight until observable colonies formed; a
representative plate is shown igF810. Data from the dilution fold of #@vas 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 sampley the average CFUs from control groups in the same experimental

run. This calculation is done using the following equation:

-z B
Cell Density =—5——,

39



Normalized CFUs =

where NC means negative control, TG means treated grasghe number of colonies
countedn 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), andsBfe dilution fold.

C)1zo- X =78nm

Percentage (%)
Counts

Percentage (%)

8 10 12 14 16 6 7 8 9 10 11 12 13

Particle Size (nm) Particle Size (nm)

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.

24 Results and discussion

2.4.1Characterization 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 poymeric carbon dot structure. TEM was used to reveal the morphology of both

CACDs and MACDs, as shown kigure 2.1.

Both types of polymeric CDs exhibit a uniform circular shape without significant
aggregation. No discernible crystal lattice wasible in either case, suggesting an
amorphous nature for these polymeric CDs. Such amorphous carbon character was further
confirmed by the broad peaks around 204n their XRD patter% There may be a small
amount of graphene inside, butyaresulting 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
i mages (count i nides) OAssbbiny palymerio £R rare normally
distributed in size, the polyenic 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 CD$ 3. Since TEM is only twalimensional, AFM was used as well to determine

the particle height distribution {jzrofile). The heighbf CACDs and MACDs were ~3.7

nm and ~3.5 nnby 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
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Adbowna

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

The optical properties of botiolymericCDs were examined, as shownRigure 2.2,

there are twgpeaks intheUW i s spectr um o0 havalleeof 2200Ms wi t
and ~350 nm. The firs't* pterakn siatni dore (aasrsd myantei
second one can be assigned to-a* t r a nI$ or carboxyl}*. The fluorescence

emission does not shift as the excitation wavelength shifts, remaining60 nm. Unlike

most reportegpolymeric CDs, these CACDs do not demonstrate excitatiependent

emission. The fluorescence lifetime for the CACDs was measured three times in parallel
using a 375nm laser as excitation source, as showkigure 2.2. The lifetime trace was

fitted with a multiexponential 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
Chissquar e v &< llpandtite sytnmetricaistribution of residuals around zero

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

the mean val ue ofagtthatisld.17+6.§5Ins. lo @ontrast, MACDs | t s |
only showed a weak absorption n&50 nm Figure 2.®), but interestingly, they

exhibited excitatiordependent 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 mth 400 nm excitation, followed by a red

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

are shown irFigure 2.2l. The overall lifetime of MACDs was 4.77 £0.34 ns, shorter than

that of CACDs.

Furthermore, noRamancorrected EEM reveal information about the excited state
transitions of fluorescent molecules. The CACD excitation:emission pairs, visualized in
Figure 2.3 wer e easi | yem 2 5@ netridhf5i®de B answyF360a n d (@
n men@453.9 nm), indicating thetypical excitation independence. The MACD
excitation:emission pairs iRigure 2. are not as easily isolated and have been assigned

t he foll owing eXCil @25 D nerednbids.s9 odaw3ddp,ai I
NMe@d 53. 9 oABB5 ffrd8.6nm) ad & 50 ewF5i4.5%-nm),

visualizing the excitatiolependent 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 polym@utosiz, 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 theoistl studies.

0 420 440 460 480 500

Figure 2.3. EEM of (a) CACDs, (b) MACDs, (c) CA#-CDs4 and (d) MAP-CDs4.
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Figure 2.4. FTIR spectra of (a) citric acid polymeric CDs serigg] &) 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 ((€) & (f)).

To delve deeper into the molecular character of tpeganericCDs, FTIR analysis was

performed to characterize the functional groups within pothmericCDs; these spectra
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are shown in Figure 2. The FTIR spectra of the twmlymericCDs were similarThe
broad peaks at ~3200 c¢nand ~3000 cm can be asigned to NH and GH stretching
vibrations, respectively. The ~2900 cm peak is the alkyl stretch, the main component
of the carbon network. The two IR absooptibands at ~1700 ctand ~1640 cm
confirm the presence of carbonyl grolfpsSpecifically, the ~1700 chmpeak can be
attributed to carboxyl carbonytGOOH) character, and the ~1640 tmpeak to amide

carbonyl (CO-NH) charactef’. The ~1400 cm peak confirms a @ stretch.

Moreover *C NMR results provide a qualitative analysis of the carbon hybridizatate
inside both the CACDs and the MACKdure 2.5. Thel®3C NMR spectra reveal groups

of peaks at ~40 ppm, ~70 ppm and ~180 ppm, respecfivélye ~40 ppm peaks can be
assigned to saturated carbsp’), that is, alkyl groups, H, and NHRCH, groupg* "®

The ~70 ppm peaks also reveat sprbon connected to an electron withdrawing O or N
atom, such as-OH and GN (in these cases, the peaks shift towards low field due to the
electronegative effect). The CACDs and PACDs4 spectra indicated the presence of
two electronwithdrawing functional groups whereas the MACDs have five different
electron withdrawing dnctional 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 charactics shifts at 162.40, 154.86 and 148.48 ppm. The last group
at ~180 ppm indicates an unsaturated carbof) (spsent within carbonyl groups, like
carboxyls {CO-OH) and amides-CO-NH) not all carbonyl groups were lost to

dehydration of the precursor e crosslinked with ethylenediamine.
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XPS analysis of thpolymericCDs [Figure 2.§ revealed the presence of carbon, nitrogen
and oxygen. For thepolymeric 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 CDs* 8085 The peak positions of these three components are located at
288.5 eV, 286.5 eV, and 285 eV and correspond 46=0/0=CN, C=0O/CN, and
C=C/GC speciegsrespectively. These are the same species detected WHIgLRg 24).

The C(1s) r eg’i shakeup peaklat282keV,suggestingthe absence of an
extended conjugated-pilectron system. The C(1s) spectral envelopes of three of the four
polymeric carbon dots (MACDs, CR-CDs 4, and MAP-CDs4) are similar; the C(1s)
envelope of CACDs differs principally probably due to a higher concentration of €=C/C

C species. In previous work, the N(1s) XPS region of the nitrogatainingpolymeric

CDs & often clearly asymmetric, indicative of a range of different nitrogen bonding
environment$8 In contrast, the N(1s) region of each of the f@alymeric 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 proximipeak positions for
different nitrogen bonding environments makes an unambiguous assignment ifficult
the invariance of the N(1s) spectral envelope suggests that phosphorous incorporation
does not led to a significant perturbation in the chemical bonding environments of
nitrogen atoms in the carbon dots. The O(1s) regions of galgmeric CD were also
similar to one another, and no attempt was made to spectrally deconvolute the O(1s)

regions due taie presence of a large number of bonding environmeg$-C=0, C=0,
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P-O) and the close proximity of the peak positions. For each of the-thep&dpolymeric

CDs, an additional peak in ther®gion was observed with a peak position (~134 eV)
indicative of oxidized phosphorous atoms. Moreover, the level of phosphorous
incorporated into thpolymericCDs could be varied by changing the usage of phosphoric
acid in the synthesis (see Tallé). Hence, based on thadNOis and Bp XPS profiles,

we confirmthat 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

investigde the atom percentage of each element in bulk, as shdwigure 27.

Table 2.1. XPS element analysis results of all of samples

Samples %C %0 %N %P
CACDs (N=4) 620+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 phosphorogs dopi

was successful.

The morphology and diameter of thedBped CACDS and MACDs were also analyzed
by TEM. After doping with phosphorus, both types of N, Pdopedpolymeric CDs
retained the quasipherical morphology in 2D. The average values from the size
distributions for the CAP-CDs with increasing levels of P doping were ~6.5 nm, ~6.9 nm,
~6.3 nm and ~7.1 nm, respectively. For NPACDs, 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 origilopell
polymeric CDs, there was no remarkable difference after adjusting the precursors to

incorporate phosphorus into thelymericCDs.
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Figure 2.8. Photostability of the CACDs, GR-CDs4, MACDs and MAP-CDs4. Photostability was
determined by measuring the change in the absorbance)(@/850nm as a function of CD exposure to

the intense visible light generated in a Rayaeattor.

We attempted to determine the chemical features-dbpedpolymericCDs and N, R
co-doped polymeric CDs using ATRFTIR (Figure 24). The incorporation of the
phosphorous is indicated by the shift in the 1110*¢@O-C vibration to a lower
wavenumber due to the presence eD®’°. Furthermore, the phosphoryl {B);P=0

does not present in the citric acid is distinctly present in the phosphorylated samples
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around 950 crhand 1050 cm. In addition, the IR absorption spectoa 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, H¥doped polymeric CDs

exhibited high hydrophilicity, like their Mloped counterparts.
2.4.2Photostability ¢sts of polymeric CDs

An ideal fluorophore should remain photostable for an extepeedd so it is important

to assess how dopimmplymericCDs with phosphorous influences photostability. On the
bench, under the influence of laboratory lighting, sohgi@f CDs and phosphorcus
doped CDs were found to be stable over the course of at least six days, basegisn UV
analysis. To assess the effect (if any) of phosphorous doping on the photostability, it was
therefore necessary to conduct accelerated pleztohing 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 Figu& 8emonstrate that there was a steady
decrease in absorbance over one hour of exppwhich was accompanied biglae shift

in the peak emission. The pH of the solutions remained above 6 for the entirety of the
experiments, ruling out acidic quenchifigrhe absorbance peaks were fit with a cubic
baseline and subsequently a Gaussian functan the first 40 min,CA-P-CDs4
exhibited higher, but not statistically different, photostability than the CACDs. The MA
P-CDs4 demonstrated a statistically significant ~25% increase in photostability
compared to MACDs after é@inute exposure. Thisgure 2.8demonstrates #t 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-CDs4 > MACDs > -B@Bhs O CA

Previous accelerated photobleachstgdies of CDs have typically been conducted by
measuring changes in tlE under a wide range of different conditiolsg.exposure to

the white light from a Xe lamp, continuous irradiation at 360nm), where the incident
photon flux is not reportetf:*® Consequently, a direct quantitative comparison of the

results from this investigation to previous photobleaching studies of CDspesgible.

However, in general photostability is found to depend on the synthetic route used to
prepare the CDs. Specificaldogwnacrymppgradddcme
by exfoliating carbon nitride using acid) are extremely photostable elven @xposed to

intense light source®(g.no change in PL after irradiation with a 365nm UV lamp for 12

hours)®® In contrast CDs prepared -up®i ngppa oaichhot { ¢ iy
hydrothermally or by using microwaves) are more susceptible to photobleaching, an effect
ascribed to the presence of a greater number of surface déféeResults from the

present study are therefore in qualitative agreement with this general trend.

Table 2.2. ayandQY data of citric acid CDs series (left) and malic &€lds series (right).

Samples Uvg (NS) QY (%) Samples Uhvg (NS) QY (%)
CACDs 11.17 £0.65 48.34 MACDs 4.77 £0.34 12.07
CA-P-CDs1 9.11 +£0.37 40.98 MA-P-CDs1 5.430.39 15.56
CA-P-CDs2 9.12 +0.07 39.29 MA-P-CDs2 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-CDs4 9.72 +0.80 44.23 MA-P-CDs4 4.32 +0.06 11.99
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Figure 2.9. Comparison of algamong (a) citric acid carbon dots, and (b) malic acid carbon dots using one

way ANOVA.

2.4.30ptical properties after phosphorus doping

The high QY of the CACDs was in concurrence with literature v&l&ié$ After doping

with different levels of phosphorous, the QY of doped CACDs was maintained around 40%
(Table2.2). Specifically, the QY is 40.98% for GR-CDs1, 39.29% for CAP-CDs-2,
35.56% for CAP-CDs-3, and 44.23% for CA-CDs4. The citric acidpolymericCDs

are found to be much meefficient at conversion of absorbed photons with 340 nm laser
excitation than the malic acjgblymericCDs. The most prominent excitation, however,
occurs at 385 nm for the MACDs. The MACDs were found to ha¥ aloser to that of
tryptophan (~149%Y. The QY of MACD series remaineda. 10% after Pdoping [Table

2.2), that is, 15.56% for MA>-CDs 1, 11.58% for MAP-CDs-2, 10.19% for MAP-CDs

3, and 11.99% for MAP-CDs4. The MACD series may have low&Y due to the
multiple pathways for relaxation shown in the EEMFigure 2.3 and d TheU,q0f citric

acid polymeic CDs is about two times longer than those of malic acid polymeric CDs
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(Table2.2). The lifetimes have decreased after doping phosphorus into CACDs, but there

was no such an effect forddped MACDs (Figre 2.9).

2.4.4Bacterial toxicity of polymeric CDs
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Figure 2.10. Colony counting assay results of citric acid polymeric CDs after (ahibSexposure and (b)
1-hour exposure, and results of malic acid polymeric CDs after {mjia®xposure and (d}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 pelymeric CDs looking
promising, nanoparticle toxicity was considered since one proposed advantage of
polymeric CDs over traditional QDs lies in their likely biocompatibilifiyigure 2.10
describes the toxicity resultsjpblymericCDs towards the model bacteriugpneidensis

MR-1, as measured by a colony counting assay (drop plate method).

Statistical analysis was performed using-wraa/ ANOVA, followed byposh oc Tukeyods
multiple comparisons tests (GraphPad Prism software, La Jolla, CA). All values plotted
are he 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-tlbped polymeric CDs nor N, P-clmped 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
oneidensidVIR-1 can potentially uspolymericCDs as their carbon nutrient source. In
fact, it is known thaf. oneidensiMR-1 performs a standard tricarboxylic acid cycle for
carbon metabolism under aerobic grofRtwherein 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 carbori’source
It is possible that other components inploéymeiic CDs, such as phosphorus or unknown
by-products from the synthesis, promote bacterial colony formation. It is worth noting that
the MA-P-CDs4 (malic acid carbon dots doped with the highest amount of phosphorus)
showed extremely high bacterial toxicitgradicating almost the whole bacterial

population. Recall fronfFigure 28, 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 tBe oneidensiMR-1 over onehour exposure. It is worth noting,
however, that the threshold to toxicity is quite high at 5000 mg/L in a concentrated (300
eL) of solution. This high of a concentra
confocal scanning laser microscopy awduld be an impractical working solution
concentration for biémaging 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 loweQY demongrate phosphorous doping of malic acid might not

be worth the acute toxicity exhibited by. oneidensidViR-1. Future studies on
metabolomics could provide insight into the stress imposed upon this organism by the
high concentration of particles. Other mbdeganisms would also give a wetunded

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 toity was a result of lighinducedpolymeric CD
degradation, since the exposure was done under lab light, and the toxicity was only
apparent after -hour exposure; thus, another two sets of experiments were set up to
investigate this possibility. Resulth@ved that lab light was not the mechanism
responsible for the high toxicity of MR-CDs4 (Figure 2.1). The source of this
repeatable high toxicity afterlour exposure is the subject of ongoing investigation. In
general, most of thpolymericCDs werenot at all toxic towards th8. oneidensiMR-1

even at high doses (5 mg/mL), showing thalymericCDs are quite benign. Thus, the

nontoxic polymeric CDs are used for our furtherdmeoaging and biesersing studies.
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Figure 2.11. (a) 15min and (b) thour exposure results of MR-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 generatedbped polymeric CDs (using ethylenediamine as the

nitrogen source). Furthermore, various amounts of phosphorus were introduced into these

59



paymeric CDs, resulting in N, #o-dopedpolymericCDs. These dopegaolymericCDs

were great candidates to systematically and quantitatively analyze the impact of
phosphorus doping on emission properties, photostability, and toxicity; the results reveal
tha there is no remarkable influence after doping with phosphorus in ter@Q¥ afr
lifetime. The starting material with three carboxylic acid groups was found to be a better
performing polymeric carbon dot with high@ly and longer florescent lifetime comeal

to the starting material with two carboxylic acid groups. By contrast, theds;d®ped

malic acid polymeric CDs may show an advantage over Ng¢d®doped citric acid
polymericCDs and NdopedpolymericCDsin 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 metabased quantum dots in a variety of applicatidims, bacterial
toxicity of thesedopedpolymeric CDs was evaluated usifgoneidensidviR-1
asamodel microorganismlhepolymericCDs exhibited no inhibition in bacterial colony
formation in most caseand in some cases, even facilitated bactgrialvth, making
polymeric CDs a potentiallecofriendly fluorescent materialith a wide range of

potential applications.
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Chapter 3

Malic acid carbon dots: from supersolutionliving 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 dopefresolution fluorescence
localization microscopynder a variety of conditions, as we demonstrate in fixed and live
trout gill epithelial cells. In addition, during imaging experiments, thecadled
Aexcitati ode pwanvded netnog t érnobserged fomindivdua asyade t
malic acid carbon dots, which motivated us to develimasaving and higithroughput
separation technique to isolate malic acid carbon dots into fractions of different particle
size distributions usin@is-reversed phasslica gel column chromatographyhis post
treatment allowed us to determine how particle size distribuithmences the optical
properties ofmalic acid carbon dofractions, i.e., optical band gap energies and

photoluminescence behaviors.
3.2 Introduction

Superresolution fluorescence microscopy has become increasingly important for
biomedical research and discovéfyConventional fluorescence microscopy is limited

by the diffraction limit of lightand imperfections in optical components further decrease
spatial resolution. This results in a lateral resolution limit of-280 nm as determined

by the Abbe criterio.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 illuminatiecbased imaging, including STED microscagyd SIM, and the

singlemolecule localizatiofbased imaging, including STORM and PAL&Wor the latter
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strategy, closely clustered fluorescent molecules are resolved by stochastically turnin
each mol ecul e 08'¥The demraichof orstate malenutkes i®mathematically
determined in eachriemagungohoamenagh @Eawmpeh
via the ombination of multiple iterations. To achieve highality supetresolution
imaging, it is crucial that photoswitchable fluorophores possess high photon yield and low
on-off duty cycle? A variety of organic dyes cabe tuned to photoblink for super
resolution localization microscopy, mostly requiring hjgbwer excitation and special
imaging solutions containing oxygen scavenger and high thiol coitétEven with that,

few organic fluorophores have proven to be suitable for sigsetution localization
microscopy under visible excitation and esinis wavelengths. It is important to note that
the high photobleaching rates of organic fluorophores severely limit the utility of these
fluorophores in supetesolution applications, basically restricting their use to short
duration applications. Hencep tadvance singteolecule imaging, it is desirable to
develop coseffective and photostable fluorophores that combine spontaneous

photoblinking properties with intense brightness and low photobleaching rates

Photoluminescent zemdimension carbonanostructures, including CDs, graphene dots,
polymer dots, and nitrogevacancy centered nanodiamonds, have generated great interest
in many fields due to their unique optical properties, including their strong fluorescence,
excellent water solubility, ahhigh resistance to photobleachi{g’ Amongst these
carbonbased luminescent materials, CDséawmerged as a particularly attractive option
due to availability of inexpensive carbon precursors, ease of synthesis and

functionalization, and largscale productiof® ® CDs are characterized by broadband
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optical absorptioR® 2° high emissionQY,?° excellet biocompatibility?* and minimal
environmental impac® This unique combination of outstandingpperties make CDs a
highly promising, ecdriendly alternative to inorganic semiconductor quantum dots,
which often contain toxic heavy metafs?*and traditional organic fluorophores. To date,
CDs have been used in a broad range of applications including biosensing and
bioimaging!® 2° drug delivery?® photocatalysig/ patterning?® and photoelectronic
devices’® 29 Recently, CDs were found to be reversibly photoswitchable, which make

them suitable as labeling agents for su@solution localization microscop§>2

Generally, CDs exhibit a quaspherical morphology with dimensions on the scale of 10

nm % 33 composed of crystalline or amorphous carbon nanostrugtutepending on
carbonization temperatu?e °CDs can be generated viaas@ | | eddo it @ psynt het
route® 3 by breaking down bulk carbon sources such as active cétigpaphite!® 3°

graphite oxidé? 4. and carbon sodt: “® However top-down methods are relatively
expensive and generate less material, limiting the scale of CD prodtfoborthe other

hand, -Opottagmroaches involving the assemb
cheap molecular carbon precursors are more favorable fordaale and higlyield
production®* 3’ The choices of these small organic molecules are quite broad, and include

citric acid* glucose® chitosart®® vitamin C#’ glycerol*® ethylenediaminetetraacetic

acid*® and L-glutamic acic?® Bottom-up procedures mainly involve thermal dehydration,
polymerization, and carbonization of these inexpensive orgaoiecules-* **A variety

of synthesis strategies have been developed for CD fabrication, such as microwave

irradiation®® hydrothermal carbonizatiolt, pyrolysis, or thermal decompositi6h.>*
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Microwave-based synthesis features advantages including strong interaction of carbon
materials with electromagnetic irradiation, fast, localized heating, and esaving
processes> *6In our group, DEmalic acid (a green and inexpensive organic comp&ind)

is utilized as the carbon source with ethylenediamine as the-lorkss and sel
passivatingagent to fabricate highly fluorescent MACDs via a rapid microwassssted

heating treatmerfg: >8

In recent years there has besnexponential increase in research interest related to CD
preparation and applicatioh Nevertheless, most of the-psepared CDs exist as a
relatively complex mixture of varied components with distinct optical prop&tté3hus,

the purification and/or separation ofsmnthesized CDs is essential to probe the nature of
single component®: *°In this respect, chromatographic purification has been used as an
effective method to separate cardmased photoluminescent materizf<2For instance,

Ding et al.employed silica column chromatography to fraicate asmade 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®? 52HPLC has also fouhfavor with CD researchers as a highly efficient option for
separation. Vincet al. utilized AE-HPLC to separate ag/nthesized CDs generated from
graphite nanofibers and confirmed that the emission wavelength of CD fractions was
dependent on the NP sibat not on the excitation wavelength®However, AEHPLC

is more suitable to separate charged CDs produced by microwave synthesis from acidic
rather than neutral small molecule precur€érSAE-HPLC columns are also expensive.

To overcome these drawbacks, Gong anavodkers applied RIMPLC and achieved a
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rapid and effective separation for hollow carbon nanoparti¢i@se isolated fractions

gave off blue, green, and red fluorescence emission which was related to the carbon shell
thickness. Although RIPIPLC seems to be an ideal option, the low output that results
from the I imited HPLC i njregsricts thenwide schle me  (
application of this methotf. Therefore, there is an urgent need to develop a fast;dstv

and highyield separation method to realize the efficient fractionation -gregared CD

samples.

Here, we report on the photoblinking properties of ousyaghesized MAOs. With

active photoblinking, burdtke photon emission, efficient cell uptake, and high
biocompatibility, we show that MACDs can be an excellent nanomaterial for-super
resolution localization microscopy. Interestingly, the vketh o wn i w adgpenidet n gt h
emi ssiond phenomenon was not observed in s
to further explore the physiochemical properties of MACD components, we have
developed a timsaving and higlthroughput method to separatesymthesized MACDs,

utilizing Cig reversephased silica gel column chromatography. The MACD fractions
obtained in this way exhibit wavelengtimdependent 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-nizlic acid
(Reagent PluskE, O099%), et hyl enerdversethhasee ( Re a
silica gel (for column chromatography, fully endcapped) were purchased from-Sigma
Aldrich. The Biotech cellulose ester membrane (MWCO-300 D) was obtained from

Spectrum Labs. Deionized water was produced by a Millipore-Rlillystem (Billerica,

MA) and used for all experiments.
3.3.2MACD synthesis

We synthesized the MACDs based on our previous WoBkiefly, a 4 mol/L aqueous

malic acid stock solution was prepared in advance. 4 mL of this stock solution was
transferred intoa 16thL. b eaker, and then 1080 eL of et
reaction was completed within 1 min as heat was released, and a homogenous solution
wasformed. 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, leavirdy behi

a dark brown sticky solid product at the bottom. Further lyophilization was completed in

a freeze dryer (Labconco FreeZone 4.5 L Benchtop Reg&ystem) for 16 hours.

3.3.3Characterization of the MACD photoblinking
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To characterize the photoblinkipgoperties of MACDs, a low concentration solution (0.5

g 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 penioed with a homduilt singlemolecule fluorescence
imaging system based on an Olympus IX71 microscope.-pligier solidstate laser
sources (> 0.1 kW/cfh were used to excite MACDs at different wavelengths (405 nm,
488 nm, 542 nm, 642 nm). The emitted flescence was collected with a 100x oll
immersion objective (NA = 1.4) and imaged with an EMCCD camera (Andor iXon 897).
The raw images were stored ashit512>612 files (pixel size 160 nm). In general, a 600

s time series was taken at the frame ratebdp2. The photoblinking of MACDs became
stable after 200 s excitation, and so the subsequent 400 s data was useprircpssing.

From such series of exposures, the duty cycle of a single particle was determined as the
proportion of image frames witltubrescence emission events. The SNR was defined as

the ratio of the mean emission intensity of single MACD to the background fluctuation:

[ -1
SNR:S_b
Sb , Where {is the emission intensity of single MACD,i$ the mean intensity

of b ack gis thaistaddard deviation/fluctuation of backgrounda n d, weie
obtained from pixel traces withoMACDs andls of MACD emission events was defined

as five times théi, value over theplvalue in pixel traces with MACDs. Pegtocessing

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 NacCl, 10% gluose, 560 g/mL glucose oxidase (Sigma, G2133), 34 pg/mL catalase

(Sigma, C3155), and 1%~ Bercaptoethnol.
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3.3.4Cell imaging and cytotoxicity analysis.

Oncorhynchus mykisgainbow trout) epithelial gill cells (ATCC, CRR523) were
routinely cultured in Le b o v i -15zntedia supplemented with 10% FBS and 1%
Penicillin-Streptomycin. Cells were grown at 19C in ambient atmosphere. Before
imaging, cells were incubated with 5 pg/mL MACDs for 2 h. Prior to-oa#l imaging,
culture media was replaced with pbéned free imaging solution (Thermo Fisher
Scientific, A14291DJ). In SRLM, a Gaussian mask function based simgjkecule
localization algorithm was used, for which a detailed description can be found in our
previous studie&! 82In brief, image stacks were taken under 542 nm excitatiorl 60
W/cn?) and 25 Hz (8,000,000 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 thresiid of five times the standard deviation of the background fluctuation. The

localization error was calculated according to the equation:

2\ S+all2 sy
(o)) =——= £+ | o |
N a"N”  wheresis the standard deviation of the Gaussian RSF,

is the pixel sizeb is the backgpund noise, anl is the collected photort§ For MACDs

under 528660 nm excitation, the localization error was determined to be ~15 nm and the
resolution of recostructed 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 by&i%80
confluentcells were exposed to 5 pg/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
2xSSC at 37Covernight. The cell nuclei were counterstained with DAPI. For each field

of view, a zstack spanning-10 pm was taken and the location of each transcript was
identified by maximum intensity projection. The quantification of RNA copies in each
single cellwas performed with customized MATLAB scripts. The sequence information

of the FISH probes is provided in Tal34.

3.3.5MACD separation by g reversed phase silica gel column chromatography
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Scheme3.1. The general saip and process of the MACD separation by @versephased silica gel
column chromatography. The inset fluorescence spectra show the remarkable exdadiodent

emission of asynthesized MACDs beforeparation.

As demonstrated by Scher@d, 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 nmyvdter

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 nmulizake
(volume ratio of MeOH/water starts from: 1:9, MeOH% was added by 20% per 30 mL).
In this way, twentyfour MACD fractions were obtained after the first round of separation.

A subset of these fractions still exhibited excitatt@pendent emission. Sto 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.

3.3.6Material characterization of MACDs
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The PSDof carbon dots was deteimed by TEM (FEI Tecnai &F30 TEM at 300 kV)

and DLS (Microtrac NANGHex® 180°DLS System). U\tvis extinction spectra were
obtained using a Mikropack DBI0O00 U\-Vis-NIR spectrometer. Fluorescence spectra

and EEMs were measured with a PTI QuantaM&84t400, equipped with a PicoMaster
TCSPC steadgtate 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 Reflectandachment. Spectra were
obtained with 64 scans using 0.8 ‘tmesolution and a diamond crystal stageray
photoelectron spectra of MACDs were obtained using a PHI 5600 instrument equipped
with a Mg KU flood source (12a8al@er6Suney) and
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/atep50 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 tlewel 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 aluminumwhbith

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 Thephotoblinking property of MACDs

At the singleparticle level, the fluorescence-off activity of MACDs was found to be
stochastic and intermittent. As shown in Fig8rea the bright spots (MACDs in the on
state) were randomly distributed at differemtei points throughout the imaging session.

In the time domain, the fluorescence trace of single MACDs further validates the
stochastic nature of MACD emissioRigure3.10. The photon burst of single MACDs
occurs on thenslevel timescale, facilitating cée identification of each emission event.
Under green laser excitation, the-ttme 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 Figure3.19. The average duty cycle ttie MACDs was determined to be 0.53%
(Figure3.1d), consistent with a previous repéttiMoreover, MACDs exhibited excellent
photostability, as more than 60% of the particles welidlsbrescent after 400 s of high
power excitation (> 0.5 kW/cf (Figure3.16. This set of results demonstrates the active
photoblinking of the asnade MACDs and quantitatively characterizes their low -duty
cycle and superior photostability, identifyingem as promising materials for super

resolution localization microscopy.
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Figure 3.1. Characterization of individual MACDsa) Time-lapse fluorescence imaging of MACDs on
glass coverslip showstochastic on and off fluorescence emissibh A representative fluorescence trace

of an individual MACD. ¢) Histogram of MACD ortime distribution. ¢) The average duty cycle of
MACDs, determined by summarizing a large number of sipglticle blinkhg traces (>5,000 particle
traces). €) Characterization of fluorescence emission over 400 s green excitation shows the survival fraction

of MACD patrticles (error bars indicate the standard deviation of five independent replicates).
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Figure 3.2. Characterization of the MACD SNR under different conditioas.Representative emission
traces of MACDs in response to different excitation wavelengt)sSNR of MACDs under different
excitation wavelengths in corapgson with commonly used organic dyes under their optimal excitation
wavelengths. ) Characterization of MACD photoblinking in a variety of imaging solutiord. (
Comparison of MACD SNRs in different imaging solutions.

To better utilize MACDs as a novelass 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 observe&igure3.23. Interestingly, a comparison of images taken from

different emission channels.{}, the green and red channels) showed that tioalted
Afexcitati othe ppearvded netnoggtémi ssi on was not obse
but originated from differdrparticles, each emitting at a different excitation wavelength.
Considering our synthesis strategy, theswasthesized MACDs were a relatively complex

mixture composed of neaniformly sized MACD particle$? 5 % The singleparticle

75



SNR values of these different components display a trend with higher values atthe red
excitaton vnav el ength (fAred particleso) and | ower
(Abl ue pRgure3.20.l Farther,)the ENR 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 rafigese3.2b). The SNR

of MACDs is slightly inferior to Alexa647 in the faed emission range, which might be

due to thdow yield of redemission MACDs and crosstalk emission from other MACD
components. In addition, we measured the photoblinking SNR of MACDs within different
imaging solutions at the singprrticle level. In conventional SRLM, a special buffeg(

GLOX) is often required to reduce the dissolved oxygen level and stabilize the excited
electrons at the triplet state for a long dark at e t i me. I n contr a:
photoblinking was observed ubiquitously in a variety of imaging solutieigsi(e3.20),

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 medilrgure3.2d), a sufficient SNR

value £15) could be achieved in all the tested solutions, making it possible to apply

MACDs in various imaging environments, including keell imaging.

3.4.2Application of MACDs in superesolution localization imaging

The MACDOs phot ob widutykcycle,dighpphotogtability, and Buffe( | o
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 viabilitywas 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 microtubige 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® In this set of experiments, we quantified mMRNA copies of the ssessing
protein p53 in response to MACDs as well as commercially available CdSe QDs for
comparison. After exposure to 5 pg/mL MACDs or QDs for 24 h, the gene expression
level of p53 in tle 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 exhiltian overall satisfactory biocompatibility and are a promising

alternative to Cébased QDs for bidmaging experiments

T—Raw FWHM 232.54nm
— SRLM FWHM 36.82nm

Normalized count

966432 0 32 64 96
Position (nm)

Figure 3.3. SRLM of MACD:s in fixed trout epithelial gill cells. The spontaneous phatking 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.
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Figure 3.4. Distribution of MACDs in live trout gill epithelial cells.af MACDs with different sizes,
corresponding to excitation wavelengths 488 nm, 514 nm and 561 nm, were found to localize at the same
intracellular comparhents, while MACDs that were excited with 405 nm were found to localize at different
compartments.) The greesto-y el | ow MACDs (with excitation wavel en

present mainly in mitochondria, as determined by tb@iocalization with MitoTracker.
According to the NyquisShannon theorefff,the low onroff duty cycle of MACDs makes
it possible to identify ~200 particles within a diffraction limited area (~250 nm). However,

the spatial esolution is also constrained by localization error. Based on the Gaussian
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PSF%8 the standard error of localization using MACDs was determined to be ~15 nm in
cultured cells. Hence, the theoretical imaging resolution using goegeilow 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
resolutionimaging 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-fieldeimage was

revealed to be around 36 nm by SRLM.

Because MACDs show sufficient blinking activity in diéat 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 asynthesized MACDs exhibiteavd distinct intracellular distribution
patterns under different excitation wavelengths. The gregellow MACDs (Figure

3.4a, representative excitation by 488 nm, 514 nm and 561 nm) show a unique, filament
like distribution inside live cells, which isftirent than the distribution of bltte-cyan
MACDs (Figure3.4a, representative excitation by 405 nm), as well as to the distribution
of MACDs in fixed cells (Figur®.3). To minimize phototoxicity to living cells and pave
the way for future applicationgve focused the subsequent lisal imaging on the green
to-yellow MACDs. The diameter of these MAG&ssociated structures is no more than
100 nm. The improved spatial resolution also helps to distinguish closely aligned
structures within a diffracticiimited area. After testing a number of organsipecific

dyes, the siddy-side comparison of live cells exposed to MACDs and MitoTracker

showed a clear elmcalization pattern that indicates the accumulation of MACDs in or on
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mitochondria (Figur&.4). Moreover, we observed directional movement of the MACD
associated mitochondria in live cells, suggesting the transport of mitochasddeiated
MACDs along the cytoskeletore.g., microtubulesf® "° These results prompt the idea
that this class of MACDs could be further explored as an efficientilledelivery vector

and mitochondridargeting tool without further nanoparticle surface modification.
3.4.3MACD separation and characterization of MB@actions

As observed in previous experiments when we tried to determine the SNR values of as
synthesized MACDs, the fluorescence emission of individual MACD patrticles was found
to be invariant as the excitation wavelength was changed. Carbon dotearecefaimed

for their so-deplelnaed nfieramitsat iomm , so this
motivated us to separate thesamthesized MACDs into distinct fluorescent components.

To combine the advantages of the traditional silica gel column chrgraptoy and RP

HPLC as mentioned before, we employad@versed phase column chromatography, as
shown in Schem8.1. The general setp is quite similar to that of a traditional silica gel
column, but we utilized greversed phase silica gel as the stary 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-sawéngs compared to the
traditional silica column chromatography that took more than ten Rb&ssides, by

virtue of the large sample loading capacity, weenable to separate at least 200 mg of
assynthesized 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 characterizatior. Taking advantage of this tirgaving and hilger throughput
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separation method, we obtained twefayr MACD fractionsand 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 chrorgedaphy. 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.

#4 |0 #2

#10 #10 #14
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Figure 3.5. Photographic images of MACD fractions #2, #10, and #14 ur@leodm light condition and
(b) 365 nm UV illumination. TEM images of MACD fractione) #2, d) #10, and €) #14 (inset scale bar:
5nm, 5nm, and 20nm, respectively). Corresponding PSD for MA&®Rions ) #2, @) #10, and l) #14,

determined by ImageJ analysis of TEM images.
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As shown in Figure.5a, if exposed to room light, the aqueous solutions of these three
fractions appear pale yellow, yellow, and brown, respectively. These same thtieasra
exposed to longvavelength UV illumination (365 nm) fluoresced blue, cyan, and
greenish yellow (Figur&5b). TEM was applied to probe the size and morphology of
these three MACD fractions. In Figur8sbc through e, these weldispersed 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 fi Vuith

normal function to estimate the mean size of each fraction, using the peak analyzer
function in OriginPro 9.0. The results are displayed in Fig@raisthroughh, showing

that MACD fraction #2 is ~6.2 £2.0 nm, #10 is ~9.2 £1.7 nm, and #14 is 6.6 nm.

It is discernible that the legormal peak is shifting to the right, indicating an increase in
particle size. The PSDs of each fraction were also statistically analyzed usiagypne
ANOVA multi-comparison, processed by GraphPad Prism 6 (Fi@g with
significance level indicated by asterisks (*p<0.05, **p<0.01, ***p<0.001 and
****p<0.0001) . Based on this analysis, the
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 Figu3¢/, 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
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the water percentage, that is, decreased the polarity of mobile phase, i itbec€ed

phase column chromatography

PSD Comparison
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*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001

Figure 3.6. Significance test of the MACD fraction TEM PSDs.
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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) XPSspectraof unseparated MACDs (black) and MACD fraction #2 (red), #10
(green), and #14 (blue). UMs extinction spectra of MACD fraction: (C) #2, (D) #10, and (E) #14.

To assess the chemical compositaithe three MACD fractions, we employed ATR

FTIR and XPS. IR analysis of the-agnthesized MACDs and each of the fractions are
shown in Figure3.8a Each CD exhibits an infrared spectrum characteristic of malic acid
carbon dots. NH, O-H, and CGH strething bands are observed at 3280, 3080, and 2950
cmit, respectively! Peaks at 1702 and 1640 ¢indicate C=0 stretching modé&swith
characteristic NH bending and @ stretching modes observed at 1540 and 1098 cm
respectively’! Moreover, the relative intensity of these variouaksein the ATRFTIR

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 san{pligsrre 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 (T {is) 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 fretdG=C/C=0 and €N
species as well as a lower intensity (roughly hpéak at 289.2 eV associated with O
C=0 specie$® "“Component fitting of the C (1s) region was not deeapgatopriate 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 at401 eV in all samples. The broad simila&#iobserved 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:) ([uorescence 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 (1) CIE 1931 color coordinates.

3.4.4 Optical properties &IACD fractions

Figure 3.8c through e exhibits the UWVis extinction spectra of all separated MACD
fractions. Both fractions #2 and #10 exhibit intense extinction features around 350 nm,
usually assigned to-i transitions for nitrogesdoped CD<? Interestingly, a well
resolved extinction shoulder is observed at ~470 nm in fraction #14. Suctshiftad
typically related to the narrowing of the electronic band gap and is often found for long

wavelength emissive C¥$.”To confirm this, we calculated the optical baag g@nergy
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(Eg) of the three fractions using the equatignFEh* ¢/ @rofr, Whereh refers to the Plank
constant (6.626 x1®* Joules sec); is the speed of light (3.0 xfane t er / s@& ), and
(in nm x10° meters) indicates the onset value offirst excitonic absorption band, with

the conversion factor of 1 eV equaling 1.6 x°L0oules’> "® The calculated gare 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, stemstically
investigated the photoluminescent properties of MACD fractions, as illustrated by Figure
3.9 and 3.10We excited fraction #2 with a series of wavelengths ranging fror1 300

nm in 20 nm increments. The resulting (normalized) fluorescensemidata is shown

in Figure3.9a Compared to the spectra of crude MACDs (included in Scl&em)g?

there is no remarkable shift ihd emission peak position, which is around 460 nm. The
maximum emission intensity was observeeést= 370 nm, with a FWHM of 96 nm. A
prominent luminescence center can be observedaf371.3 nm, 458.7 nm) in the 2D
EEM (Figure3.9b and 3D EEM Figure 3.109, with a Stokes shift as large as 16,822 cm

! 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 3.99. 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 mukexponential functiorfFigure3.10b)to minimize
deviation from the expondat fit function. This fit was further examined by residual

analysis. The reduced ehiguar e dvadfue 0 .(B87 i s<krQandonabl e
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residuals are distributed around zero almost symmetrically, indicative of a justifiable
fitting.”” "®Thus, the average fluorescencetiiihe was extrapolated to be 6.48 +0.10 ns,
comparable to commercially available fluorophores)(fluorescein and rhodaminé).

The fluorescence properties of MACD fractions #10 and #14 were investigated in a similar
manner. For fraction #10, the emission peak carfooed at ~470 nm, achieving
maximum intensity if excited by 380 nm (FigB€d peak width at half max ~100 nm),
leading to a bright fluorescence centec.at (380.3 nm, 468.3 nm) in EEM (FiguB9e

and 3.10f and a Stokes shift of 4959 &mThe CIE B31 coordinates of (0.180, 0.237)
achieve a position in the cyan region of the color space (Fig@f The QY is
determined to be 24.0%, with a lifetime of 7.14 +0.63Figure 3.10d)For fraction #14,

the excitatioAndependent emission peak canitbentified at 550 nm with a FWHM of
c.a.104 nm under excitation of 460 nm (Fig®g. Thus, a global photoluminescence
center can be observed about (460.0 nm, 523.7 nm) (F&8heand Figure 3.10¢.
Accordingly, the Stokes shift decreased to 264t3.cThe color of MACD fraction #14

can be defined as greenish yellow (0.357, 0.554) by CIE 1931 colorimetry (Bi§ijre
Correspondingly, the calculated QY is 27.6%, and the average lifetime is 4.25 £0.09 ns
(Figure 3.101) . So, MA CD f rildtevavelengtiiepahdent @missienx ih
contrast to unseparated MACBFsThis fraction is particularly important because it
represents earbon 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 reshifted from blue, to cyan, and to greenish yellow,
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indicaing that the agprepared MACD fluorescence properties are -gigpendent,

consistent with other published studt&g?: &
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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 AGD fraction #14.
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3.5 Conclusions

In summary, the asynthesized MACDs are found to be actively photoswitchable,
characterized by low duty cycle and excellent photostability. Furthermore, MACDs
exhibited satisfying signdb-noise ratios in different imagg buffer solutions. Due to
these unique and superior photoblinking properties, MACDs are shown to exhibit
enhanced spatial resolution in supesolution localization imaging experiments. To
investigate the fluorescent components withiswsthesized MEDs, we developed an
efficient separation method usingsCeversed 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 scalereamurate 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 increaSibg &d the
fluorescence of fractions are not excitation dependent but PSD relatesthiftedy 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 ofboron andphosphorousdopedsilicon nanocrysta towards

Shewanella oneidendidR-1

Bacterial Toxicity of Si NCs

g
3}

Undoped 5%B  30%B  5%P  30%P

Reprinted fromZhi, B.; Mishra, S.HudsonSmith, N. V.; Kortshagen, U. R.; Haynes, C.
L., Toxicity Evaluation of Boronand Phosphoru®opedSilicon Nanocrystals towards
Shewanella oneidensiMR-1. ACS Applied Nano Material2018, 1, 4884893.

Copyright 208, with permission from the Americabhemical Society.

Bo Zhi is responsible for the design of this research as well as the materials

characterization worknd the drafting of manuscript.
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4.1 Overview

Si NCs also known a$i quantum dots, are regarded as green alternatives to traditional
quantum dots composed of heavy metal elements. While it iskn@n that the
semiconductor properties of these materials can be tuned by doping-imthype
dopantsi(e., boron and phgorous), 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 dSpBICs to produceROS
resulting in significahtoxicity to a model microorganisr8, oneidensidR-1. In addition,

the interaction between bacteria cells @idNCs was investigated using dark field
microscopy and bid EM. Interestingly, borordopedSi NCstended to attach to the cell
surface whilehis phenomenon was not observed for undoped or phosphdopasSi

NCs.
4.2 Introduction

First discovered in the 1980s, semiconductor nanocrystal QDs, exhibit unique tunable
luminescent properties due to quantum confinement effeéct®ther features, such as a
broad absorption range, high molar extinction coefficients, I@dh and satisfying
photostability, render colloidal QDs competitive alternatives to organic dyes in
applications ranging from electriondisplays to biomedical researth.However, the

rapid gowth of consumer products that make use of QDs, especially grdthQIDs like

CdSe or PbSbased QDs, has aroused safety concerns regarding their environmental
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