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CHAPTER I

INTRODUCTION

1.1 Overview

Phenyleneethynylene is an important class of m-conjugated molecules
currently applied as fluorescent transducers' insvarious optical sensing systems.
Critical features spurringinterest in and gsefulness ol this class of compounds include
their structural rigidity allowang mo;.e predictable geometry, high fluorescence
quantum efficiency and efficient syntheses. During the past decade, a number of
crucial developments ofsboth small andI polymeric phenylenecthynylene conjugated
systems have beenWwitnesSeds mostly containing para-phenylencethynylene moieties,
into more sensitive afld selecive sensors-for wider applications. This thesis focuses
mainly on the synthesis, photophysical ﬁlvq_stigations and sensing applications of
novel dendritic phenylenecthynylenes bf ‘in.‘corporation of appropriate interfacial
groups as sensing probes forspecific.or selé_‘ét__ive_-‘chemical and biological sensors.

1.2 Molecular structures of some conjugated ﬂ}lprophores.

Attention in chemical and bio—sens‘itfgr.systems relies upon rapid and high
selectivity. The methodsj 1Ii§a-\:/e ‘been proéré;;:_i.\;e‘ly improyed using redox [1],
chromogenic [2];-er-fluorogenie-{3{-changes-as-the-deteciiofl signals. Fluorescence
based methodologies have attracted much interest due to their intrinsic sensitivity and
selectivity [4]. Considerable efforts have been devoted to the design of fluorescent
compounds to be used as transducers. Conjugated polymers (CPs) have emerged as
one off the imast important /classes | of | transductioni’ materidlsy Fhey transform a
chemical signal‘to-easily'measurable electrical or optical events. CPswith delocalized
n-electron systems has attracted an@verpowering interest due to their versatile optical
and "electrical, propettics “[5]. Figure 1.1 'shows’ structiires ' of “a’| vaiiety'of CPs
commonly investigated, including ‘polythiophene “(1)" [6], “polypyrrole (2) [7],
polyfluorene (3) [8], poly(para-phenylene vinylene) (4) [9], and poly(para-phenylene
ethynylene) (5) [10]. The CPs are prepared via a palladium-catalyzed cross-coupling
polymerization offer the benefits of mild reaction conditions, wide functional group,

and solvent compatibility [11]. The delocalized electronic structure of CPs enables



them to exhibit efficient absorption and strong emission, and produce amplified signal

changes upon interacting with various analytes.

/\

Figure 1.1. Mol T b c . polymers (CPs).
; ’ are conjugated polymers
oluble [Figure 1.2].

Conjugatéd o

containing multi

Polyelectrolytes can €ithg Sationi ‘_ anionic ..\ monly used ionic side
groups including ‘Sulfo (-SO5), phosphenate 03°) carboxylate (-COy), and

alkyl ammonium (-} oni¢ called polyampholytes [4,

11, 12]. This interesting ea of intense research for the
past few decades for applicati ..;;.,,. -F [13]. The most CPE-based sensor
approaches developed ba ﬂ' 8 c“ ati ction between the probes and the

target ionic specie pro ;_,-'- virus bacteria and
il - —_— —

cancer cells [4 ’f, ‘

QW’]Mﬂ‘iMﬂM’]’J%WﬂB

Figure 1.2. Molecular structures of some common CPEs.



Poly(para-phenyleneethynylene)s (PPEs) are representative poly(arylene-
ethynylene) (PAE) in the CP family having benzene rings as the aromatic groups
connecting via triple bonds with 180° bond angle between the phenyl carbon and sp'
carbon [14]. Compared with its PPV analogues, the first group of CP used in
fluorescence-based sensors for biological targets [15], PPEs [16] have more
predictable geometry and exhibit higher ‘quantum yield. Due to their optimal
photophysical characteristics, PPEs have been explored as an important class of CPs
for sensing and served as potential transducers [#7, 18]. As a representative class of
PAEs, PPEs have been well studied arid applied to many sensory systems, including
methyl viologen salt'sensor{19); TNT sensors [20], and metal ion sensors [21]. The
PPEs are not onlysfeature superior pho‘fostability compared to other CPEs, such as
PPVs, but they alse demonstrate diffetent electronic and optical properties from
parent molecules upon'struetural modifications. The main chains of PAEs have three
isomers: ortho-, mmeta- jand: para-, "defined by their different connectivity via the
acetylenic groups. Different aforfiatic builainé: blocks can also be introduced into the
conjugated backbone torengineer the elecif&gr_liq_properties (Figure 1.3) [22]. Also,
variable side chains ¢an be introduced to,.-°1.1..}od.ify the polymer structures and their
supramolecular interactions. All—these séféjfé!g‘iqs are meant to make the PPEs
amphiphilic, water-soluble, hi‘ghl}; ﬂuorescenigﬁa';able to interact with targets.
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Figure 1.3. Examples of PPEs with different structural modifications.



1.3 Fluorescence spectra

The fluorescent processes that occur between the absorption and emission of
light are usually described by the Jablonski diagram [23]. Jablonski diagrams are used
in a variety of forms, to illustrate various molecular processes that can occur in
excited states. A simplified Jablonski diagram shown in Figure 1.4 illustrates that
upon absorption of photons, a fluorophor is excited to singlet excited electronic states
(S; or S;) and form an excited fluorophore. Fhe'fluerescence signal is observed when
F* relaxes to ground singlet clectronic state (Sp) via photon emission. The time

required to complete this whole process takes nano-second.
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nal conversion
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104-100S
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Figure 1.4. Simple Jablonski diagram illustrating fluorescent processes.

1.4 Fluorescence quenching

Generally, fluorescence quenching has two* main different mechanisms,
dynamic quéenching and static. quenching [23].| Dynamic quenching, | also called
collisional quenching, is controlled by the diffusion rate of the fluorophore and
quencher. As shown in Figure 1.5A, dynamic quenching occurs when the F* is
deactivated upon a diffusive encounter of Q and return to Sy without emission of a
photon, while Q is not chemically altered in the process. Figure 1.5B illustrates the

static quenching which happens as a result of stable non-fluorescent complex (F-Q)



formation between the F and Q. When this complex absorbs light, it immediately
returns to the ground state without emitting fluorescence. The static quenching occurs
in the ground state and its efficiency is related to the association constant (K,) for F-Q
complexation.

There are several ways to dlstmgulsh these two mechanisms. First, the

ching does not change, because the

fluorescence occurs from the unco ' hore, which remains the same
during the quenching p N s. I 1 amic quenching decreases
in proportion to the nsity. o ¢ ing decreases at higher
temperature due to ' ormed in the quenching
process, while dy perature due to faster
diffusion and collisi

processes are concurre

A Collisions




Stern-Volmer Equation
Both dynamic quenching and static quenching are described by Stern-Volmer

(SV) equation which is given by

i =1+ K, O]

where I and [ are the fluoreseence intensity observed in the absence and presence of
quencher, respectively, [Q] is the qﬁéncher concentration, and Kgy is the SV
quenching. A linear relationship” of Lo/l with [Q] may indicate either a dynamic or
static quenching process. Fhe moderate to large binding constants give rise to Stern-
Volmer constants (Ksy) that exceed the“ rate achievable at the diffusion limit, and
hence, static quenching ean/ be -inferred.” Another method to determine if the
quenching procesgis dynamic or static is to determine the dependence of the lifetime
on the quencher concentration, [Q-.]. ',.i "

The dynamic quenching shortens th% lifetime of the fluorophore according to

the equation shown below where kq is-the .b}molecular rate constant of fluorescence
o /N
quenching, Ty is the hfetlme w1th0ut added quencher and T is the lifetime upon

addition quencher at molar concentratlon of TQ]— For pure dynamic quenching kq must

be smaller than the diffusion Ilmlt ky which Jcan “be determlned from Stroke-Einstein

equation; kg = §RT/3n where R is the universal gas consiant, T is the absolute

temperature and*-is the solution viscosity.

1)/t = (1 k,7,[Q])

In the ¢ase of static quenching, a fluérophore bound to'a queficher is in a dark

non-emissive state. The unbound fluorophores exhibit their same lifetimes, and T is

thus'independent to [Q] giving constant To/T'at 1.

1.5 Optical sensor application of conjugated polyelectrolytes (CPE)
Over the past decade, CPEs have been studied extensively as optical sensors

for various analytes [4], including small ions or biomolecules i.e. proteins and nucleic



acids. The unique structural and optical properties of CPEs provide several
advantages over the routine sensor methods. First, the multiple-charged structure of
CPEs affords the high water solubility which is essential for carrying out biological
assays in aqueous media. Second, the CPE-based optical sensors afford a
homogeneous approach which is less labor intensive and less time consuming
compared with heterogeneous assay such as enzyme-linked immunosorbent assay
(ELISA). As a result, the CPE-based assay 18 simpler, faster, and readily adapted to a
fluorescence-based high-throughput screening (HTS) format [24]. Third, and most
importantly, signal amplification is achieved based on sensitive and collective
response of CPEs to extemmal stimuli including a very small amount of quenchers
(amplified quenching cffect) and minor changes in aggregation or conformation.
Therefore, the CPE#based optical sensbrs show superior sensitivity with typical
detection limits in nanemolar [25] or even in zeptomolar concentration range [26].

CPE-based optieal sensors~have been realized in two detection modes,
colorimetric and fluorometric. Coloriméjtricdﬁ detection is based on a change in
absorption wavelength of CPEs; while the;'-_fllu(__)_lrometric assay affords inherent high
sensitivity as well as versatility in detectibé of various signals, which include the
changes in intensity, wayelength and lifetirr‘léj Tn most of the CPE-based sensors that
have been developed, the fluorescence can be%gifliér enhanced to give a turn-on signal
or quenched to give a turn-off signal upon di'r_eét;jer, indirect interaction with targets.
Both the turn-on and turn-off approaches are realized by .three mechanisms, i.e.
photoinduced eléetron transfer (PeT) mechanism, photoinduced energy transfer (PET)
via fluorescence resonance energy transfer (FRET) and conformational change
mechanism [27].7It is important to point out that these thlifce mechanisms are not
exclusive. It is some alieady developed CPE-based sensors utilize more than one or
even all'of them in‘one assay.

111999, Chen et al. [15] published the first example of a CPE-based biosensor
based on this mechanism. As shown in Figure 1.6,-a"biotin-functionalized viologen
quencher serves as the QTL complex.and it quenches the fluotrescence,of PPV-SO5
(7) probably via photo-induced electron transfer (PeT). Addition of avidin into the
solution of the polymer and quencher results in a fluorescence turn-on response. The
quenching to unquenching signal change was proposed to be attributed to the binding
of the biotin-functionalized viologen by avidin, thus producing a sterically large

avidin-bound quencher and preventing the close association of the quencher with the



polymer. However, further studies by Bazan et al. on the same polymer, quencher and
avidin systems have indicated that the increase of the fluorescence is at least partially

due to the non-specific interaction between the cationic avidin and anionic polymer

that shields the polymer from the quencher [28].

PPV-SO; by a sefic fhy! viologen that has Varicd charge (0, +1, +2, and +4).
They found that the ; L i \gre ‘when charge of methyl viologen
viologen. This work also fo mg nded on the ionic strength of the

solution. They have sugge L‘-:ftﬂ'{“’ -'_‘ie > quench chanismis a static quenching
[Figure 1.7].

Figure 1.7. Molecular structures of PPV-SO; ~and increased charged of viologen

quenchers.



In 2005, Bunz et al. [30] reported a sensitive and selective lead(II) ion (Pb>")
sensor which was based on the heavy metal induced fluorescence quenching of a
carboxylated PPE 8 (Figure 1.8). The high sensitivity of this sensor was attributed to
the combination of multivalent effect between 8 and Hg*", as well as the exciton
migration (amplified quenching effect) along the polymer chain. More recently, the
same group employed the same polymer and developed selective sensor for
mercury(Il) ion (Hg*") [31]. The assay was based.on a formation of an electrostatic
complex between 8 and papain, a cationic cystcine-rich protease. As shown in Figure
1.8, the 8-papain complex displays seléCtive florescence quenching response only to
Hg2+ over 9 other control_meétalions (i.e., Zn2+, Cd2+, Pb2+, Fe%, Niz+, C02+, Cu2+,
Ca®>" and Mg”"). . Bhe authors.proposed an agglutination mechanism to explain this
selectivity as showasin Figupe 1.9. Paplain with free thiol groups is known to bind
Hg®". In the 8-papaindComplex, thé protein chains are strongly cross-linked by the
anionic polymer, forming a supramolecular structure which is more sensitive towards
agglutination than either 8 or papéin aloné} As a result, a weak emissive precipitation
and a non-fluorescent Solution were obééiyeq_ after adding Hg”™ to the 8-papain

complex solution.

S netal cations

Figure 1.8. Structure of carboxylated PPE 8 and pictures taken under a hand-held UV
light to show the fluorescence under different situations: A) 8-papain complex ([8] =
5 uM, [papain] = 5 uM). B) All 10 metal ions added to*8-papain complex ([metal ion]
= 0.4 mM). C)\Allions except Hg”! add to 8
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—
Figure 1.9. Qualita tlon‘_gf th@ agglutination of the 8-
papain complex. A A rostatic.comp of 8 and papain. C) The
addition of Hg*" paifl cofuplex lead i DRzio, ™ by cross-linking of the
papain molecules thi " fgc F / N R,

derivatives o?ﬁ phenyleneethynylene)

ermine, spermidine and

ama\mmummmas

Figure 1.10. Detection of spermine, spermidine and putrescine using PPE via m-n

stacking quenching mechanism.

In 2005, Kim et al. [33] studied the changes in fluorescent properties of

polymer 14 with various proteins. In the presence of bovine serum albumin (BSA),
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the fluorescent signal increases but histone (His) induced the fluorescence quenching.
BSA was proposed to behave like a surfactant interacting and preventing collisional
self quenching of the polymer while the quenching by His. It was due to indicate
significant His induced n-m stacking of 14. Then, the fluorescent intensity of 14

decreased [Figure 1.11].

_\ ed t j- PPE-based sensor array

can effectively det ¢ A g from their high fluorescence

sensitivity as well e -'\, thi array of six conjugated

polyelectrolytes displays  an, unprecede discrimination ability of 17 protein
F s : ’

analytes. Further experiments are, howeve cd to demonstrate the robustness of

o errors. In particular, the array

bility to detect species at

very low congeiif:

e

species [Figure lm].

Wy

of potentially interfering

Figure 1.12. Moleccular structures of some CPEs (8, 15-18).



12

In 2010, Bajaj et al. [35] have developed a conjugated fluorescent polymer-
based sensor array using PPE polymers and demonstrated its utility in cell sensing.
Using this sensor array, they were able to distinguish between several cancer cell
types as well as between isogenic healthy, cancerous, and metastatic cells that possess
the same genetic background. Taken together, these studies provide an effective
sensor for differentiating cell types as well as a potential direction in the creation of
polymer-based imaging agents and deliwverysvehicles based on differential cell
interactions. Thus, nose-based polymer sensor.arrays represent a new method for

diagnostic, biophysical, and surface science processes involving cell surface [Figure

1.13].
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Figure 1013. Moleccular structures of some CPEs (8, 15, 17-20).

As witnessed from the literature works described above, linear CPEs have
shown promisingly high sensitivity in the sensor application due to water solubility
and amplified quenching effect via efficient intramolecular energy transfer along their
conjugated backbone. There are a number of fluorescent CPEs exhibiting very high
sensitivity to oppositely charged molecular quenchers anticipated to quench

fluorescent signal by either electron or energy transfer processes. It is important to
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understand the basic process, mechanisms and expression of fluorescence quenching.
Both electron and energy transfer processes are expected to increase with the distance
between the fluorophores and analysts thus the decreased quenching ability. However,
linear CPEs have some drawbacks to be applied as analytical agents. The nature of
condensation polymerization used for synthesizing these linear polymers generally
provided wide molecular weight distribution of which batch-to-batch reproducibility
is virtually out of question. Unpredictable secondary structures of linear polymeric
chains in aqueous media also add another complieation to understand the transducing
properties. It is thus of interest to ei"plore if a polyeationic fluorophore can be
definited molecular size and-«eharges. Some other research works thus focus on design
and study of small flugrescent’ ¢onjugated molecules for sensor applications as

described below.
1.6 Fluorescent sensors based on small llgolecules
In 2006, Knapton et al. [3-.6] devel&pea metallo-supramolecular materials (21)
as a modular “Eu’} La’ +., and Zn sensory system that utilizes a
multimetal/multiligand-based approach as a 1;unct10n of the ratio of (EtO);PO to the
1:1 metal/ligand complexes [21 MXn] n CHClg%CH3CN [Figure 1.14]. The judicious
1
design of fluorescent hgands and the careful_se}ectlon of metal/ligand combinations

allowed them to create a-wery Simple sys‘gém _,fer‘ selective detection of aliphatic

organophosphat-e{? with good sensitivity. By tailoring the natdie of the metal-ligand

interactions, it slj})uld be possible to further enhance the sensi"[iyity of these systems

on the one hand and tailor their selectivity towards different analytes on the other.

a) 100
= a e i W
I ) n Q)
h
N—g H.G9 1 § o
N = < > ocH, /0 .
) /% :
N={
N..
A 1k
L 21 190 [18%Eu®] [19+L= [19+2r7]

. ———
1] 100 200 200 400 500 500 OO BOD

Figure 1.14. Molecular structure of 21 (left) and relative emission at 420 nm as a
function of the ratio of (EtO);PO to the 1:1 metal/ligand complexes [21-MX"] (0.025
mM, M=Eu*", La**, and Zn*") in CHCIL3/CH;CN (9:1, v/v).
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In 2008, Ha-Thi et al. [37] synthesized a series of phenylethynyl phosphane
oxide derivatives (22) bearing two or four fluorescent arms starting from simple
materials [Figure 1.15]. 22 show the large stokes shift and the unresolved vibronic
structure of the fluorescence spectra also suggest the formation of an intramolecular
charge transfer. Addition of a heavy metal cation such as Cd®" induces a
bathochromic shift of the absorption and emission spectra due to an enhancement of
the electron-withdrawing character of the comaplexed phosphane oxide group. High
stability constants (log K>=6.6-6.9) were observed upon complexation with Pb*",
and Cd*" ions in CH;EN/CHCY; (8:2). This compound is therefore of great interest as
first prototypical biphotonicssensors for Cd*" cations, and hold much promise for the

development of devices forthedetection of toxic heavy metals in water and effluents.
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Figure 1.15. M&ecular structure of phosphane oxide 22 (leftj and proposed binding
modes of 22 with CdzJr or Pb*" (right).

In 2008, Zhao et al. [38] studied the'quenching of PPE (23) in methanol with
monovalént quencher ions (MY and HY"), it is possible to dis¢ern the relationship
between the amplified quenching effect and polymer chain length [Figure 1.16]. The
most_significant result is_the observation that for“short PPE chain “lengths the
amplification, factor systematically increases, saturating at a value of ~50 DP| (K=
1.4x10° M™" at 436 nm). This discovery is consistent with earlier studies and suggests
that in poly(phenyleneethynylene) the singlet exciton is able to transfer upto ~80
repeat units during its lifetime from interchain exciton diffusion within CPE

aggregates.
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In 2008, Zho of two-dimensional, =-
conjugated, ske vinylene and phenylene
ethynylene (24a-d, t 7 yonogashira coupling and
Wittig-Horner rea¢ » v« >y steps [Figur 1.17]. The photophysical properties
of the H-mers were it led s 1OV sorptior uorescence spectroscopic

signify their fluorescence sens :°----,, on
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Flgure 1.17. Molecular structure of 24a-d and pictures of 24b and 24d in the
presence of Ag™ (14 eq).
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In 2010, Shao et al. [40] synthesized a new type of fluorescence chemosensor
25 based on a biscrown-annulated TTFAQ receptor and two anthrancene fluorophores
[Figure 1.18]. Compound 25 exhibited fluorescence sensing capability to various
metal ions, with a particularly high sensitivity for large alkaline earth metal cations

like Ba®" due to the formation of the 1:2 complex.

Figure 1.18. Proposediof

r ;-. ;':- | d 1 7
In 2010, Mangalum e %3 [ ynthe 1 a series of easily-prepared materials
» iy 7 AR\
26a-e derivatized with bi imet amin igat its. Several chromophore

subunits of contempora nterej‘gl ave been incorporated into these molecules,

: : b PR

including phenyleneethynylene —and
i

gl

- fluc ies [Figure 1.19]. Cross-
conjugated cruciforms, a class of materials of escalating importance in chemical
ules show a photoluminescence

reéned in THF, although
cenc

sensing, have also been exain
response to l',,;o
these two ions &of'jfﬁﬁﬁ
of 0.42-8.6 and m#. . S teﬂshould yield materials
capable of commegrtcially viable ratiometric shifts in emission turn-on magnitudes.

3 5 7 g similar I/Iy values

Figure 1.19. Molecular structure of 26a-e.
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In 2009, Zhao et al. [42] synthesized a series of 1,4-bis(arylethynyl)-2,5-
diborylbenzenes 27a-h containing various p-substituents on the terminal benzene
rings and investigated the substituent effects on their absorption and fluorescence
properties [Figure 1.20]. In addition, most of these synthesized derivatives showed
enhanced fluorescence in the solid state compared to solution. These findings imply
that diborylphenylene unit is a very effective and useful core skeleton to prevent
fluorescence quenching in the solid state. F'hey also investigated the fluorescence
fluoride ion sensing ability of the most emissive'27a and demonstrated the intense
fluorescence properties irrespective of the turn on modes. The binding constant of 27a

with F” was determified to bef"25%10° M ' in THEF.

7

27g X=Si(iPr);,
27h X=CN

27a R=NPh, = 27d R= OMe & I
27b R= Me 27¢-R= H ;
27¢R=CF3;  29fR-CN —

Figure 1.20. Molecular strueture 0f 27a<h. -~

In 2010, Swinburne et al. [43] designed conformational fluorescent switch
anion receptors 28a-c based on an induced fit binding approach. The addition of
chloride ion resulfS in a planarization of the chromophore and hence an increase in the
energy trap by the non®émissive dark state.“This results in a significant increased in
the fluorescence emission from the receptor. The'chloride ion binding constants for
the receptors determined in CHCl;/DMSO (70:30) solution showed log B as 2.557,
1.831, and <1, respectively [Figure 1.21].

£-0

28b 28¢
Figure 1.21. Molecular structure of 28a-c.
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In 2009, Acharya et al. [44] immobilized a monolayer of 10-
formylanthracenyl-terminated p-phenylene ethynylene derivative 29 on glass surface
via an alkyl chain linker. The modified glass surface showed significant ratiometric
fluorescent response with cysteine. The enhanced intensity was significant for

cysteine concentrations ranging from 0.1 to 10 mM, and resulted in a 3-fold total

f ield, with the 450 nm band being the
! nomenon can provide a useful
5 ction [Figure 1.22].

m
Eto-Si

Et0
surface attachment lig

HOMO

bis(phenylethynyl) pyrenes

In 2009, ﬁta. s , 6- ﬂ)

30a-b with differJ t intramolecular charge transfer (ICT) feature and studied the ICT
effect on the photo;ﬂyﬁl roperties. Phenylethynylated pyrene derived fluorescent
thiol pﬁsu E}-%itr%nﬂe%ny aﬂ Hcﬁ’r ﬁe@signed to show
fluorescefiée OFF-ON  switching effect in the presence of thiol. The TDDFT

calculations predict lowest-lyin (grk states of S1for the probes ind&;é’d by ICT
NS N BV Lo KB\
‘dark state infers the probe is nonfluorescent. Cleavage of the 2,4-dinitrobenzene-
sulfonyl unit by thiol releases the free fluorophore (the ICT effect is terminated), for
which the lowest-lying excited state S1 is no longer a dark state, therefore the product

will potentially be fluorescent. The probes were successfully used for bioimaging of

thiols in living cells. This investigation is the successful application of new
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fluorophores and molecular probes with predetermined photophysical properties in

biosensor application [Figure 1.23].

30a

Figure 1.23. Moleculag stru€ture of 30a (left) and picture of 30a in the presence of
cysteine which is conyerted into 30b (right)s
sl FIR
In 2009 Zhang [46] et al. des1gned a_dendrltlc fluorescent probe 31 exhibiting
strong two-photon absorption -and efﬁc1ents sensing due to ICT presence/absence

before and after{‘reactlon with Cys/Hey in DMSO. Upon bmdmg to Cys/Hcy, the

probe exhibited_Both turn-on fluorescence and large peék shffi[_(165 nm) due to the
ICT switch off. This 1s the first report that exhibits both gréatly enhanced emission
intensity and large peak shift. The potential reactivity of aldehyde toward other
nucleophiles, this worksshould be a general guideline for the design of novel
multisignal one- and two-photon turn-on probes, based on ICT switch on/off, with

various seénsing applications [Figure 1.24].
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1.7 Objectives of this research

The aim of this work focuses on the synthesis of water soluble dendritic

fluorophores composed of phenyleneethynylene repeating units and anionic

carboxylate or cationic ammoniu

ipheral groups (Figure 25) and study of

3¢ ;R'=R?=R*=(0,
2CNY; R' =R?=CO,H, R**
C2N’;R'=CO,H,R>= R )
2C'N*; R' =R? = CO,H, R* = NMe;
3N* ;R!I=RZ=R*=NMe;l = shato) L < /4
C"2N";R!'=CO,Me, RZ=R*=N ﬁ g
2C°N"; R =R* = C0O,

Figure 1.25 7"‘,1'?-;;
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CHAPTERII

EXPERIMENTAL

2.1 Chemicals and materials

N,N-dimethylanilin. * trime Iylac 7 bis(triphenylphosphine)palla-
dium(I)dichloride (P i & benzyltrlmethylammomum

chloride, potassium hydroxi tassi alcmm carbonate, and bovine

serum albumin (BSA iichased from | witzerland). Triphenylamine,
iodine monochlo copperl)doc iazabi .4.0] undec-7-ene (DBU),

4-iodobenzoiac acid a igine sulfate ure m Aldrich. Concanavalin

A (ConA, from Jac Y . ine heart), histone (His,
from calf thymus, I . nan ser } ' lysozyme (Lys, from
chicken egg white)y myog rt) and papain (Pap, from

procedures,A olumn chromatography were operated ,, Icick silica gel 60 (70-
230 mesh). TI , !
(Merck  Fos). Blvents CUSE T2 and clﬂmatography such as

dichloromethane, he'?;ane ethyl acetate and methanol were commercial grade and

distilled: e ylve grade. Milli-Q
water was ;u H;X rime pecifi E’wj Tﬂﬁ reactions were

carried oﬂ!lunder positive pressure 8f N; filled in rubber balloons.

awnmnmummmaﬂ

med on silica gel plates
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2.2 Analytical instruments

The melting points of all products were acquired from a melting point
apparatus (Electrothermal 9100, Fisher Scientific, USA). Elemental (C, H, N)
analyses were performed on a PE 2400 series II analyzer (Perkin-Elmer, USA). Mass

spectra were recorded on a Microflex MALDI-TOF mass spectrometer (Bruker

acquired on Nicolet 6700 i eter equipped with a mercury-cadmium
telluride (MCT) d ! H-NMR and C-NMR spectra were
acquired from sam ) ‘: , CD;0D and DMSO-d6
on Varian Mercurys N fspecit et Ari: -,u‘t.' . 400 MHz and100 MHz,
respectively. The UV f bie B didiichi g pectra were obtained from a Varian Cary 50
UV-Vis spectrophet ne \ alal " SA)and the \. ce emission spectra were

\\; 1, USA).

recorded on a VarianCary ectio ; -.\ :

AU INENTNGINS
RIANTUNRINYINY
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2.3 Synthesis of dendritic fluorophores
2.3.1 Preparation of 4, 4, 4"-triiodotriphenylamine.

I
3.3 eq. BTMAICI, @
—ee R
N CaCQ,, CHCl;, MeOH
@ @ Reflux, 36 h @ @
78%

A mixture of triphenylamine (7.36 g, 30.mmol) in chloroform (100 mL) and
methanol (50 mL) was added with BTMAICL, (34.47 2,99 mmol) and CaCOs (18 g,
180 mmol). The reaction mixture was allowed to reflux for 72 h and 20% Na,S,0;
solution was theasadded t0 the mixture until the mixture became light yellow. The
mixture was filterediand the filtrate was éxtracted with dichloromethane (3 < 50 mL).
The combined organi¢ phase was washed with water (2 x 100 mL) and dried over
anhydrous MgSO4. Thessolution was concentrated and the residue was reprecipitated
in methanol from jdichloromethane soiuti;‘j-n. Triiodotriphenylamine (T3I) was
obtained (14.59 g, 78%) as a white solid?'_t_.np_; 182-184°C; '"H NMR (CDCl;, 400
MHz): & (ppm) 7.53 (d, J = 7.5 Hzy 6H), 6._8Q (d, J=1.5 Hz, 6H); °C NMR (CDCl,
100 MHz): & (ppm) 146.6, 1385, 126.1: j8_8.7; MALDI-TOF m/z Calcd. for
CisH12LN, 622,810 Found: 622,561, =

2.3.2 Preparation of TMSI,.

I

1

@ 1.1 eq. Me3Si ——H @
Me;Si——— N

,@ ©\ PdClz(PPh3)2 Cul, DBU Q

TMS21 .

Toluene, rt, overnight
33%
A mixture of T31(2.0 g, 3.2 mmol), PdCL,(PPh3), (0.11 g, 0.16 mmel), Cul (30
mg, 0.16 mmol) and trimethylsilyl acetylene (0.34 g, 3.5 mmol) in toluene (10 ml)
was added with DBU (1 mL) and the mixture was stirred at room temperature for 24
h. The mixture was filtered and the solid residue was washed with toluene (3 x 15
mL). The filtrate was evaporated and the residue was eluted through a silica gel

column by hexane to afford TMS2I as a light yellow oil (0.57 g, 33% yield). '"H NMR
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(CDCls, 400 MHz): & (ppm) 7.53 (d, J = 6.8 Hz, 4H), 7.33 (d, J = 8.8 Hz, 2H), 6.94
(d, J = 8.8 Hz, 2H), 6.81 (d, J = 6.8 Hz, 4H), 0.23 (s, 9H); '*C NMR (CDCls, 100
MHz): & (ppm) 46.5, 138.4, 133.2, 126.3, 123.1, 117.5, 140.6, 93.9, 86.7, 0.01;
MALDI-TOF m/z Caled for Co3H, ILNSi, 592.953 Found: 593.247.

2.3.3 Preparation of Methyl 4-((trimethylsilyl)ethynyl)benzoate.

Me;Si———H

I—@—COZMe o T Me3Si—:—©—C02Me

e g

A mixture ofsmethyl@-iodobenzoate (2.00 g, 7.6 mmeol), PdCl,(PPh;3), (0.27 g,
0.4 mmol), Cul (0.07g, 0.38 mmol) and ‘grimethylsilylacetylene (0.83 g, 8.4 mmol) in
toluene (10 mL) was added with DBU (1 mL) and the mixture was stirred at room
temperature for 24'h. The reaction mixture Wwas then filtered and the solid was washed
with toluene (3 x 15 ml). The filtrate wjas -‘e-vaporated and the residue was eluted
through a silica gel celumn by gradienf'-_sply_ents starting from pure hexane to
dichloromethane/hexane (1/4) as wan eluén.‘.g to afford Methyl 4-((trimethylsilyl)-
ethynyl)benzoate as a white solrd (1.45 g‘,_w:@%_ yield). mp: 108-110°C; 'H NMR
(CDCl3, 400 MHz): & (ppm) 7.99-(d, J = 8.4;I§Ii;j'iH), 7.55 (d, J = 8.4 Hz, 2H), 3.92
(s, 3H), 0.23 (s, 9H); “C.NMR (CDCls, }O'()_'-MHZ): d (ppm) 166.7, 132.0, 129.8,
129.5, 127.9, 104.2, 97.9, 52.4, 0.01; MALDI-TOF m/z . .Calcd for C;3H;c0,Si,
232.092 Found; 733.425.

2.3.4 Preparation of 4-iodo-/NV,N-dimethylaniline.

/ 3:3 eq. BIMAICI, /
O e  Va

CaCO;, CHCl;, MeOH
Reflux, 36 h 84%

A mixture of N, N-dimethylaniline (6.0 g, 50 mmol) in chloroform (100 mL) and
methanol (50 mL) was added with BTMAICI,( 18.08 g, 52 mmol) and CaCO; (16.45
g, 0.15 mmol). After the reaction mixture was refluxed for 36 h, 20% Na,S,0;
solution was added to the mixture until the mixture became light yellow. The mixture

was filtered and the filtrate was extracted with dichloromethane (3 x 50 mL). The
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combined organic phase was washed with water (2 x 100 mL) and dried over
anhydrous MgSQ,. The solution was concentrated and the residue was reprecipitated
in methanol from dichloromethane solution. 4-lodo-N,N-dimethylaniline was obtained
as a purple solid (10.37 g, 84%): mp ; 91-93°C; '"H NMR (CDCls, 400 MHz): & (ppm)
7.46 (d, J=5.6 Hz, 2H), 6.49 (d, J= 5.6 Hz, 2H), 2.92 (s, 6 H); °C NMR (CDCl;,
100 MHz): & (ppm) 137.5, 114.7,40.4.

2.3.5 Preparation of N.N-dimethyl-4-((teimethylsilyl)ethynyl)aniline.

Me;Si+=—=—H

7 - /
I N\ e Me;Si—= N\
PdCl5(PPh;),, Cul, DBU
Toluene,“rt, 4h 90%

A mixture of 4-10do-N,N-dimethylaniline (2.51 g, 10 mmol), PdCl,(PPhs),
(0.35 g, 0.5 mmol), €ul (0.08 g, 0.5 mrﬂbl) Jémd trimethylsilylacetylene (1.08 g, 11
mmol) in toluene (10 ral) was added with DBU(l ml) and the mixture was stirred at
room temperature for'4 h, The reaetion mixéuré was then filtered and the solid was
washed with toluene (3 X 15 mlb). The ﬁlfféié was evaporated and the residue was
eluted through a silica gel column-by gradielz%g é(;{;/ents starting from pure hexane to
dichloromethane/hexane (1/3)-as.-an eluent ~_té:_.jaff0rd N,N-dimethyl-4-((trimethyl-
silyl)ethynyl)aniline as a yellow solid (2.17 g, 90% yield). mp:;88-89°C; 'H NMR
(CDCl3, 400 MHZ): o (ppm) 7.11(d, J= 7.2 Hz, 2H), 6.35 (d, J =/7.2 Hz, 2H), 2.72 (s,
6H), 0.01 (s, 9H); "C NMR (CDCls, 100 MHz): & (ppm) 149.9, 132.9, 111.3, 109.6,
106.3,90.9, 39.9,70.01.

2.3.6 Preparation of methyl 4-ethynylbenzoate:

KoCOs3,:CH,Clo/MeOH

Me3Si—:—©—C02Me ﬁ H%@COzMe

rt, overnight
87%

A mixture of methyl 4-((trimethylsilyl)ethynyl)benzoate (1.00 g, 4.3 mmol) and
K,COs3 (0.059 g, 0.43 mmol) in dichloromethane (15 mL) and methanol (15 mL) was

stirred at room temperature for 24 h. The organic layer was separated and the aqueous
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phase was extracted with dichloromethane (2 x 50 mL) and was then dried over
anhydrous MgSQ,. The solvent was evaporated and the residue was eluted through a
silica gel column by gradient solvents starting from pure hexane to
dichloromethane/hexane (1/4) as an eluent to afford Methyl 4-ethynylbenzoate as a
white solid (0.60 g, 87% yield). mp:103-105°C. "H NMR (CDCls, 400 MHz): & (ppm)
7.98 (d, J= 8.4 Hz, 2H), 7.55 (d.,J = 8.4 Hz,2H), 3.92 (s, 3H); *C NMR (CDCls, 100
MHz): & (ppm) 166.3, 132.0, 130.1, 129.4, 12647, 82.8, 80.1, 52.2; 90-92 °C; MS m/z
Calcd for C;oHgO,, 160.052 Found: 161.035.

2.3.7 Preparation of 4<ethynyl-/N, N-dimethylaniline.

K,CQ;, CH,Cly/MeOH

Me,Si— N ‘ /
— — =
rt; ch’l;hight
. 91%

A mixture of NaN-dighetlly124-((eritaetiiysilylethynyDaniline (1.00 g, 4.6 mmol)
and K>CO; (0.059'g, 0.43 mimol) in dichloromethane (15 mL) and methanol (15 mL)
was stirred at room témperature for 12 he Ngxt addition of water, the organic layer
was separated and the aqueous phase was: Je}xffr_acted with dichloromethane (2 x 50
mL) and was then dried over‘anhildrous MgS;Q;LH‘%he filtrate was evaporated and the
residue was eluted through-a sihica gel columﬁ-b&_éradient solvents starting from pure
hexane to dichloromethane/hexane (1/3) as an eluent to Jafford 4-ethynyl-N,N-
dimethylaniling 7as7: a brown-yellow solid (0.60 g, 91 % yield). mp 67-69°C. "H NMR
(CDCl3, 400 MH2): & (ppm) 7.37 (d, J = 8.8 Hz, 2H), 6.62 (d, J = 8.8 Hz, 2H), 2.07
(s, 7H); *C NMR(CDCls, 100 MHz): & (ppm) 150.4, 133.2,111.7, 108.7, 84.9, 74.9,
40.

2.3.8 Preparation of TMS2C'.

COzMe

1
H=—)-do,me
22eq

vesmm YN — 2 e =)

Q PACL,(PPh,),, Cul, DBU
i Toluen
1,3 \
TMS2I b TMS2C? \
62%

COzMe
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A mixture of TMS2I (0.41 g, 0.69 mmol), PdCl,(PPh;3), (49 mg, 0.07 mmol),
Cul (14 mg, 0.07 mmol), Methyl 4-ethynylbenzoate (2.43 g, 1.52 mmol) in toluene
(10 ml) was added with DBU (1 ml) and the mixture was stirred at room temperature
for 3 h. ): 6 (ppm)The mixture was fitered and the filtrate was evaporated. The residue
was eluted through a silica gel column by gradient solvents starting from pure hexane
to dichloromethane/hexane (2/1). as an eluent to afford TMS2C® as a yellow solid
(0.28 g, 62% yield). mp: 120-122°C; 'H NMR.(CDC1s, 400 MHz): & (ppm) 8.02 (d, J
= 8.0 Hz, 4H), 7.57 (d, J = 8.0 Hz, 4H), 7.44(d, /= 8.4 Hz, 4H), 7.39 (d, J = 8.4 Hz,
2H), 7.06 (d, J = 8.4 Hz, 2H), 7.04 (d, J = 8.4 Hz, 2H), 3.93 (s, 6H), 0.23 (s, 9H); °C
NMR (CDCls, 100 MHzZ): o(ppm) 0.01; MALDI-TOF m/z Calcd for C43H35sNO4Si,
657.234 Found: 656:908.

2.3.9 Preparation of 24"}

O,;Me

Me‘Sl

1t ovelmght —_

E2CY
74%

T™S2C?

O,Me
/ KyCO,, CF 12C12/MeOH /

COzMe cone

A mixture of TMS2C" (0.20 g, 0.34 mmol) ) and K;CO; (42 mg,0.034 mmol) in
dichloromethane (15 mL) and methanol (15 mL) was stirred at room temperature for
24 h. The organi€ layer was separated and the aqueous phase was extracted with
dichloromethane (2 X 56-mL) and was then dried over anhydrous MgSQO,. The solvent
was evaporated and the residue was ¢luted through a silica gel ‘column by gradient
solvents ‘Starting from pure hexane to dichloromethane/hexane (2/1) as an eluent to
afford E2C"as a yellow solid (0.15 g, 74% vyield). mp# 193-195°C; '"H NMR (CDCl;,
400'MHz): 6.(ppm) 8.01 (d,/ =8.0 Hz, 4H), 7.57(d, J = 8.0 HZ, 4H), 7.44 (d, J = 8.4
Hz, 4H), 7.41 (d, J= 8.4 Hz, 2H), 7.07 (d, J = 8.4 Hz, 2H), 7.04 (d, J = 8.4 Hz, 2H),
3.93 (s, 6H), 0.23 (s, 9H); °C NMR (CDCls, 100 MHz): § (ppm) 166.6, 147.0, 138.4,
133.0, 129.5, 129.3, 128.1, 124.1, 124.0, 117.4, 117.1, 92.3, 88.7, 83.4, 52.2;
MALDI-TOF m/z Caled for C40H>7NOy4, 585.194 Found: 584.804.
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2.3.10 Preparation of I2N".

1© @I v PACl,(PPhs),, Cul, DBU X e
N X 7
—_— AN 2
+ % Toluene, rt, 12 h O N O

T31 2.2eq 1
2N°
31%
A mixture of T3 h;,_ 3 (20 mg, 0.03 mmol), Cul (6

mg, 0.03 mmol), 4-¢ .8 mmol) in toluene (240
red at rt for 12 h. The
>d through a silica gel
ane (3/1) as an eluent to

09 °C. "H NMR (CDCls,
\ 1), 7.01 (d, J = 8.5 Hz,
1)..3.00 (s, 12H). BC NMR
.8, 126.3, 123.8, 123.7,
'm/z Calcd for CigH3,IN;3,

-
J - T
S o

2.3.11 Preparation of° ) N =/
et ' f«t‘r

1><1C]2(1>1>113)2 cur, DBUL

ET“‘VT?WS’J

75%

ammmmum NUAE...

01 mmol), trimethylsilyl acetylene (39 mg, 0.40 mmol) in toluene (10 ml) was added to
DBU (1 mL) and the reaction was stirred at rt for 3 h. The mixture was filtered and the solid
washed with toluene (3 x 15 ml). The combined filtrate was evaporated and the residue was
eluted through a silica gel column by hexane to obtain TMS2N' as a light yellow oil (0.14 g,
75% yield). mp: 116-119 °C. '"H NMR (CDCls;, 400 MHz): § (ppm) 7.16-7.09 (m, 10H), 6.76
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(d, J = 8.5 Hz, 6H), 6.40 (d, J = 8.5 Hz, 4H), 2.73 (s, 12H), 0.01 (s, 9H). °C NMR (CDCl;,
100 MHz): 6 (ppm) 149.9, 147.1, 145.9, 133.0, 132.6, 132.6, 132.3, 124.1, 123.3, 118.8,
117.1, 111.8, 110.1, 105.0, 93.6, 90.4, 87.1, 40.2, 0.01. MALDI-TOF m/z Calcd for
C43HyN5Si: 627.307; Found: 626.814.

2.3.12 Preparation of EZN". Al

A mixture of TMS2N" ! 7"_‘ 1) anc :_3 42 mg,0.034 mmol) in
CH,Cl, (15 mL) and mg 1 _, 4 h. The organic layer
was separated and the a‘e g ‘ . »Cl (2 x 50 mL) and was
then dried over anhydrous Mg S -Thé | 'ned trate was evaporated and the
residue was eluted through a‘ lic4 o r- 5 T oradient solvents from pure hexane
to CH,Cly/hexane (2/1) asa.%if
yield). mp: 135138 Cls, 400 ppr) 7.39 (d, J = 8.5 Hz,
10H), 7.04 (d v:—_——-——sf (s, 13H). 3C NMR
(CDCls, 100 MHz): 8 (] 32,60, 132.4, 124.2, 123 .4,
123.3, 119.0, 115,9, 111.8, 110.1, 90.5, 87.1, 83.7, 40.3. MALDI-TOF m/z Calcd for
CaoH33N3: 555.267; Ebl& 554.969.

FMHINENNENS

2N as a yellow solid (60 mg, 68%

am%ﬂnwywn 8

@ ©\ PdClz(PPh3)2 Cul, DBU O O
Toluene, rt, 24 h
M902c COzMe

75%
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A mixture of TIz (0.30 g, 0.48 mmol), PdCl,(PPh;), (55 mg, 0.080 mmol), Cul
(15 mg, 0.080 mmol), methyl 4-ethynylbenzoate (0.25 g, 1.6 mmol) in toluene (10
ml) was added with DBU (1 mL) and the mixture was stirred at room temperature for
24 h. The mixture was filtered and the filtrate was evaporated. The residue was eluted
through a silica gel column by gradient jsolvents starting from pure hexane to
dichloromethane/hexane (2/1) as an eluent 0 afford 3C° as a yellow solid (0.80 g,
75% yield). mp: 242-244°C: 'H NMR (CDCI;,.400 MHz): & (ppm) 8.00 (d, J = 8.4
Hz, 6H), 7.56 (d, J =84 Hz, 6H), 7.45(d, J = 8.4 Hz, 6H), 7.08 (d, J = 8.4 Hz, 6H);
BC NMR (CDCl3; 100 MH#).+8 (ppm) 166.5, 146.9, 133.0, 131.4, 129.5, 129.3,
128.0, 124.1, 11487 9237 88.7. /52.2§ MALDI-TOE m/z Calcd for CsgH33NOe,
719.231 Found: 719:802. ‘

2.3.14 Preparation of3N’. - d

N

“! N
1 e Il
n=a Y IR
S eq
,@ ©\ PdCIz(PPh3)2 Cul, DBU— ‘
Folugne, 1t, 24 h
78%

A mixture of T3I(0.30 g, 0.48 mmol), PdCL;(PPhs), (55 mg, 0.080 mmol), Cul (15
mg, 0.080 mmol), 4-ethynyl-N,N-dimethylaniline (0.25 g, 1.6 mmol) in toluene (10
ml) was added DBU (1 mL) and the mixture was stirred at Toom temperature for 24
h. After the combined/filtrate was evaporated'and the residue was eluted through a
silica gel'column by gradient solvents from pure hexane to methylene chloride/hexane
(2/3) as dn'eluent to afford 3N" as a yellow solid (0.25 g, 78% yield). mp: 284-286°C;
"H NMR (CDCls, 400 MHz) & (ppm) 7.39(d, J = 8.8'Hz, 6H), 7.38(d, J =88 Hz, 6H),
7.04 (d, J = 8.8 Hz, 6H), 6.66 (d, J = 8.8 Hz, 6H), 2.99 (s, 18 Hz); *C NMR (CDCl;,
100 MHz) 3 (ppm) 150.0, 146.2, 132.6, 132.4, 123.9, 118.6, 111.8, 110.2, 90.3, 87.2,
40.3; MALDI-TOF m/z Calcd for C4gH4oN4, 674.341 Found: 674.845.
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2.3.15 Preparation of 3C".

CO,Me COH

MeO,C

A mixture of 3€*(0:50 ¢, 0.69 nit i L) and methanol (15 mL)
was added with sature ' )
at room tempera
dissolved in water (80 milf). Ce f Y S t ‘ add | od to the aqueous solution,
acidified and kept in affef crlt | : Y T r fhict's s filtered to afford 3C as a
vellow solid (0.3448, 729 vi ~=350°C deco NMR (DMSO-d6, 400

MHz): & (ppm) 13.13(broad, 3H), 7,95 (d = '- 6H),.7.63 (d, J = 8.4 Hz, 6H),
7.55(d,J=84 H 10 ( R DMSO0-d6, 100 MHz): 5
(ppm) 166.4, 146.7, 433.95 131.8, 4130 J 17.4, 92.2, 88.7; MALDI-

TOF m/z Caled for _ : 677.776. Anal. Calcd for
4 _s-* +4 e -
C4sHxNOg: C, 79.75; H, 40 ound: €, 79.45; H, 4.22; N, 2.12.

ammmm WDy aY

A mixture of 3N” (0.20 g, 0.69 mmol) in CH;CN (15 mL) was added CHs;I (0.5
mL) and the mixture was stirred at 70 °C in seal tube. After 24 h the solution was
evaporated to afford 2 as a yellow solid (0.34 g, 72% yield). mp:> 350 °C decompose
; "TH NMR (CDsCN, 400 MHz) & (ppm) 7.88 (d, J = 8.0 Hz, 6H), 7.76 (d, J = 8.4 Hz,
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6H), 7.53 (d, J = 8.4 Hz, 6H), 7.15 (d, J = 8.0 Hz, 6H); °*C NMR (CDsCN, 100 MHz)
S (ppm) 147.5, 146.3, 133.3, 133.1, 125.8, 124.5, 121.0, 91.9, 87.0, 57.3; MS-ES" m/z
Calcd for Cs1Hs113N4, 719.691 Found: 240.004 [M]3+. Anal. Calced for Cs;Hs1I3Ny4: C,
55.65; H, 4.67; N, 5.09 Found: C, 54.49; H, 4.95; N, 4.97.

2.3.18 Preparation of 6C’. ’ /
. .Y \ l // MeOOC COOMe
N / ol
I
®

-J
Pd IZ(PPh3 Cul, DB

T31

6C? S

67% COOMe

20 mg, /0 PdCI; g, 0.007 mmol), Cul
(2 mg, 0.001 mmol) 11°g,,0.18mmol) in tol (10 mL) was added with

A mixture of/]

DBU ( 0.1 mL) * he mixtu - was stifred at room temperature for 24 h. The
reaction mixture was n¢ i—'— _' ‘ rafed. The residue was eluted
through a silica gel ¢ by Ta rting from pure hexane to
dichloromethane/hexane (3/ f -as-an cluent-to- ord 6C" as a yellow solid (43 mg,
67% yield). mp: 198- 200°C,-fﬂe}§@i fG; Cl d (ppm) 8.01 (d, J=28.0 Hz

133.0, 132.8, 13ﬂ - ’ IZQ), 123.9, 118.5, 118.0,
117.3, 92.4, 89 8.7, 52.2; MALDI-TOF m/z Calcd for C;33HooN4O12, 1996.211
Found: 1997.537. Afa]ﬂalcd for Ci33HooNu@12: C, 83.03: H, 4.54; N, 2.81. Found:

umwﬂmwmm
17 Plﬁaratlon of 6N 7

ama ﬂgm 419117 N#p

PdCl,(PPhs),, Cul, DBU

| |
O O Toluene, rt, 24 h ’ \\ ,/N\\ ,/ ~
) L) SNQ

N N
E2N° Q@ Q@
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A mixture of T3I (22 mg, 0.035 mmol), PdCI,(PPhs), (5 mg, 0.07 mmol), Cul
(2 mg, 0.07 mmol), E2N° (0.11 g, 0.18 mmol) in toluene (10 mL) was added to DBU
(0.1 mL) and the mixture was stirred at rt for 24 h. The combined filtrate was
evaporated and the residue was eluted through a silica gel column by gradient
solvents from pure hexane to CH,Cl, as an eluent to afford 6N° as a yellow solid (52
mg, 79% yield). mp: 216-218 °C. '"H NMR (CDCls, 400 MHz): & (ppm) 7.40 (d, J =
8.5 Hz, 36H), 7.06 (d, J = 8.5 Hz, 24H), 6,65 (d! /= 8.5 Hz, 12H), 2.99 (s, 36H). "°C
NMR (CDCls, 100 MHz,): & (ppm) 149.9, 146.8:146.5, 146.0, 132.9, 132.7, 132.4,
124.1, 123.6, 118.8, 1181, 117.5, 1119, 111.8, 110.2,90.4, 89.3, 88.9, 87.1, 40.2.
MALDI-TOF m/z Calcd for€138H 05N 19: 1904.876; Found: 1906.071.

2.3.19 Prepagation of 6C ;

McOOC COOM(‘ ; { HOOC COOH
N O ’ 0 ’d : p N @ . e e
) ‘ )

i I
0 KOH, MeéH/THF 4 0
MEOOC N COOMe m HOOC N COOH
\N/ \V/ ’.".! \N/ \N/
S @ —— & @
i i e id A i i
OM 6C° om — o 0 6c 0

68%

A mixturelof 6C°( 40 mg, 0.02 mmol) ), Saturated KOH agueous solution (0.1
mL) in THF (10 mL), methanol (10 mL) and water (10 mL) was refluxed with stirring
for 2 days. The solution was evaporated and the residue was dissolved in water (15
mL). Ice was addéd to the aqueous solution, acidified and képt in a refrigerator for 1
h. The product was filtéied to afford 6C™ as‘a‘yellow solid (26 mg, 68% yield). mp,
>350 °C decompose; "H NMR (DMSO-d6, 400 MHz): & (ppi) 7.92(d, J = 7.4 Hz,
12H), 7559 (d, J = 7.4 Hz, 12H), 7.51-7.45 (m, 24 H), 7.02 (2, 24H); >C NMR
(DMSO-d6, 100 MHz): & (ppm) 167.1, 147.0, 146.5, 146.3, 133.5, 133.4, 133.1,
131.7, 130.8,,1299; 127.1, 124,25, 118.0, 116.9, 92.4, 92.3, 895, 88.9; MALDI-TOF
m/z Calcd. for C;3,H7sN4O1,, for 1910.562 Found: 1911.357. Anal. Calcd for
Ci38HooN4O12- 10H,0: C, 75.78; H, 4.72; N, 2.68. Found C, 74.96; H, 4.01; N, 2.68.
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2.3.20 Preparation of 6N ™.

! N
%e ) A, A0
RN pove s
I
I
I ’I‘/
BOW SASHE s
a0 R
()
11l
6N* /
72% -4
A mixture o # 069 mmo 1 1L) was added to CH3I (0.5
mL) and the mixtus ' _ e c 70=29 '1. : ...\ ter 24 hrs the solution
was evaporated to af] r 6N faslalye 1oy V' \ °o yield). mp: > 300 °C
(decompose). 'H NMR (CD4CN. 400 MH; m) 7.80 (dyJ = 8.5 Hz, 12H), 7.51
(d, J = 8.5 Hz, 12H) #.46/(d. J =8 542,12 (., .,k. 5 Hz, 12H), 7.10 (t, J =

8.5 Hz, 24H). "C'NMR

\‘. .5, 134.1, 133.9, 133.7,
126.7, 125.8, 125.3, A25.

; \LDI-TOF m/z Calcd for
CrasHi6Nio: 1995.013;0 Found:1920.013 [M;5CH;]". HRMS m/z Caled for
C144H126N106+2 332.5017 Fo : 332 :

23.21°P

Toluene, rt, 12 h

ﬂ‘lJEJ’JVIEJ]’LiﬂEHﬂ‘i

o

28%  o™ome
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To a mixture of T3I (5.0 g, 0.80 mmol), PdCIy(PPhs), (0.12 g, 0.16 mmol), Cul
(20 mg, 0.11 mmol) and methyl 4-ethynylbenzoate (2.88 g, 1.8 mmol) in toluene (40
mL) was added with DBU (2 mL) and the reaction mixture was stirred at room
temperature for 12 h. The reaction mixture was filtered and the solvent was
evaporated under reduced pressure. The residue was purified by flash chromatography
on silica gel using gradient eluents varied from pure hexane to CH,Cly/hexane (2/1).
21C" was obtained as a brown solid (1.17 g 22% yield) mp: 169-172 °C. "H NMR
(CDCl3, 400 MHz): & (ppm) 8.01 (d, J = 8.5Hz2H), 7.56 (d, J = 8.5 Hz, 6H), 7.40
(d, J=8.5 Hz, 2H), 701 (d. J = 8.5 Hz, 2H), 6.85 (d, J= 8.5 Hz, 4H), 3.93 (s, 3H).
BC NMR (CDCls; 100 MH#).+8 (ppm) 166.6, 147.2, 146.5, 138.6, 138.4, 133.0,
131.4, 129.7, 1293512828128 1,/ 1116.9, 92.4, 886, 87.1,:52.3. MALDI-TOF m/z
Calcd for CosHo[LbNO>, 654.95: Found; 654.58 [M]+. 12€" was obtained as a yellow
solid (1.88 g, 34% yicld), mp: 205-208 °C, 'H NMR (CDCls, 400 MHz): & (ppm) 8.01
(d, J=8.5 Hz, 4H),; 7.58(t, J = 8.5 Hz, 6H), 7.43 (d, J = 8.5 Hz, 4H), 7.05 (d, J= 8.5
Hz, 4), 6.89 (d, J = 865 Hz 2H),'3.93 (s,6H). *C NMR (CDCls, 100 MHz): 5 (ppm)
166.9, 147.3, 146.6, 1389, 133.2, 131.7, 12’9{.8, 1296, 128.4,7123.9, 117.5, 92.6, 88.9,
87.7, 52.5. MALDI-TOF m/z Caled for C3éHzéINO4, 687.09; Found, 686.44 [M]".
3C" was obtained as a yellow-solid (1.62 g_, 28%) yield). The spectroscopic data of

compound 3C" were reported previously.

2.3.22 Preparation of C"2N°.

CO,Me CO,Me
® ®
I[ =Y I
O 2.2eq O
N PdCl,(PPhy)s, Cul, DBU N
@ @ Toluene, rt, 12h
: ! Z N
21C° e O C"N? O N7
! 4% :

To a mixturé.of 21C° (0.99 g,.1.5 mmol), PACL,(PPhs), (010 g, 0.15 mmiol), Cul
(29 mg, 0.15 mmol), 4-ethynyl-N,N-dimethylaniline (0.46 g, 3.17 mmol) in toluene
(20 ml) was added with DBU (1 mL) and the mixture was stirred at room temperature
for 12 h. The reaction mixture was filtered and the solvent was evaporated under
reduced pressure. The residue was purified by flash chromatography on silica gel

using gradient eluent ranging from pure hexane to CH,Cly/hexane (3/1). C*2N° was
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obtained as a yellow solid (0.77 g, 74% yield). mp: 209-211 °C. 'H NMR (CDCl;,
400 MHz): § (ppm) 8.00 (d, J = 8.5 Hz, 2H), 7.55 (d, J = 8.5 Hz, 2H), 7.40-7.37 (m,
10H), 7.05 (d, J = 8.5 Hz, 6H), 6.65 (d, J = 8.5 Hz, 2H), 3.90 (s, 3H), 2.99 (s, 12H).
BC NMR (CDCl;, 100 MHz): & (ppm) 166.6, 147.4, 1459, 132.9, 132.6, 132.4,
131.3,129.5, 129.1, 128.3, 128.3, 124.3, 123.2, 119.1, 116.4, 111.8, 110.1, 92.6, 90.5,

88.4, 87.1, 52.2, 40.2. MALD /E/cd for C4sH39N30,: 689.30; Found:

689.19 [M]". ,‘
)

pAC1,(PPh,),, Cul, DBU |
_Tolliene. rt, 12h ]

A mixture of 12€" (0 (25 mg, 0.04 mmol), Cul
(8.0 mg, 0.04 mmol), 4-€ }‘rp f_'f- ).12 g, 0.82 mmol) in toluene
(20 mL) was added with DBU (1 mL) and tk ture was stirred at rt for 12 h. The

. . ’ ‘r_"-'“ Ty s X
reaction mixyture was fi ;%ﬂ 15.}__3 s evaporated under reduced pressure.

The residue was

‘ iLi a 'gel using gradient
a8 the eluent. 2C°N® was

obtained as a yemv SO 0 -C. 'H NMR (CDCls,
400 MHz): & (ppi) 8.01(d, J = 8.5 Hz, 4H), 7.57 (d, J = 8.5 Hz, 4H), 7.45-7.38 (m,

8H), 7.08 (d, J = 8.5'Ha6H), 6.65 (d, J = 85z, 2H), 3.93 (s, 6H), 2.99 (s, 6H). °C

129.2, 12417, 123.7, 119.6, 117.0, 92.4,90.8, 88.5, 86.9, 52.2, 40.2. MALDI-TOF m/z

c%or C48H36N€O4: 704.27; Found; 704.09 [yfﬁ | e
FWTANTI I NATINE TR E
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2.3.24 Preparation of 2C N°.

CO,Me CO,H

®

Il I
KOH MeOH/THF O

oV rnlght N
o oL
\lf O 2C , ZC.No O CO,H
- 72%
A mixture of 2€'N*(200 mg, 0.28 d KOH aqueous solution

(0.05 mL) in THF (101 /{
stirring for 1 day.. ¥ 50 s/ gvap n\ \\ idue was dissolved in water
(15 mL). Ice (~20 g)ywas added to " : - 1du \'y_ was acidified and kept
in refrigerator. The D, 'iﬂ g a
72% vield). mp: °, (deg % | w .. 400 MHz): 5 (ppm) 7.96
(d,J = 8.0 Hz, 4H), 7464 (d. J= 550,1@ d —Hz 4H), 7.46 (d, J = 8.0
Iy T dd
Hz, 2H), 7.34 (d, /= 8 T:?F d, ‘ ) 6.71 (d, J = 8.5 Hz, 2H),
2.94 (s, 6H). "CN R (D so z,): 5 166.8, 150.1, 146.9, 145.4,
o .."'I J
133.2, 132.6, 132.5, 13 , -:--— 249, 123.8, 118.9, 116.4, 112.1,
92.2, 91.0, 88.6, 87.1, 40.3. MAl -!,_:.'; alcd for CaoHaoN,Oy: 676.24, Found:
P AT
675.66 [M]". Anal. Calcd for Cs,H 4.77,N 4.14; Found C 81.16, H
477,N4.28. A v

mL) was refluxed with

yellow solid (132 mg,

DIMPOSCE

2.3.25 Preparatiﬁof

CO,Me CO,H

AUEANENINE N3

KOH, MeOH/THF

A mixture of C*2N° (100 mg, 0.14 mmol) ), saturated KOH aqueous solution
(0.05 mL) in THF (10 mL), methanol (10 mL) and water (10 mL) was refluxed with
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stirring for 2 days. The solution was evaporated and the residue was dissolved in
water (15 mL). Approximately 20 g of ice was added to the residue and the mixture
was acidified and kept in refrigerator. The product was filtered to afford C 2N" as a
yellow solid (74 mg, 76% yield). mp: 280 °C (decompose). 'H NMR (DMSO-d6, 400
MHz): 6 (ppm) 7.83 (d, J = 8.0 Hz, 2H), 7.49 (d, J = 8.0 Hz, 2H), 7.44 (d, J= 8.5 Hz,
4 H), 7.39 (d, J = 8.0 Hz, 2H), 7.33 (d, .J = 8.5 Hz, 4H), 7.04 (d, J = 8.0 Hz, 6H), 6.70
(d, J = 8.5 Hz, 4H), 2.94 (s, 12H). C NMR (BMSO-d6, 100 MHz): & (ppm) 167.5,
150.0, 146.4, 145.6, 132.3, 130.0, 129.1, 124 141235, 118.2, 116.8, 111.8, 108.6,
90.6, 87.0, 40.1. MAEDI-TOF m/z Calcd for Ci7H37N30,: 675.29; Found: 675.75
[M]". Anal. Calcd for C,;HaN305: C 83.53, H 5.52, N 6.22; Found C 82.41, H 5.28,
N 6.32.
2.3.26 Preparation of 2C N .

CO,H " CO,H

O ¥ 4 ®

I Il

Mel, CH3CN
ST h
‘
2CN’ CO £ r \1{; ‘ 2CN* co H

i 96%

A mixture of 2C N*{0.10 g, 0.15 mmol) in CH;CN (15 mL) was added with
CH;sI (0.5 mL).and the mixture was stirred at rt in a sealed tube. After 12 h the
solution was evapbrated to afford 2C N as a yellow solid (0.1 1 g, 95% yield). mp:
>300 °C decompose ; H NMR (CDs;CN, 400 MHz): & (ppm) 8.00 (d, J = 8.5 Hz,
4H), 7.78 (d, J = 8.5 Hz, 2H), 7.74 (d, J = 8.5 Hz, 2H), 7.61(d, J = 8.5 Hz, 4H), 7.50
(d, J = 8.5 Hz, 6H), 7d3u(d, J = 8.5 Hz, 6H)] 3.55(s, 9H). °C NMR (CDsCN, 100
MHz): & (ppm) 166.4, 146.7, 133.9, 131.8, 130.0, 126.4, 124.3, 117.4, 92.2, 88.7.
MALDISTOF m/z Calcd for C47H35IN,O4: 691.79; Found: 691.02 [M]+. Anal. Calcd
for C47H35IN,O4: C 68.95, H 4.31, N 3.42; Found: C'68.75, H 4.87, N 4.83:
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2.3.27 Preparation of 2C°N™.

CO,Me CO,Me

) (]

Il Il
Mel, CH3CN

)
It, 12 h N
2CN? CO Me \I%I A 2CN* O CO,Me

92%

A mixture of 2€°N*(0.10 g, 0.14 mmo!) in CH3CEN (15 mL) was added with
CHsl (0.5 mL) and the muxture was stirred at rt in a scaled tube. After 12 hrs the
solution was evaperated tofafford 2C°N' as a yellow solid (0.11 g, 92% yield). mp:
175-178 °C. '"H NMR' (Agétoncds, 400“ MHz): & (ppm) 8.20 (d, J = 9.0 Hz, 2H),
8.03 (d, J= 8.0 Hz, 4H), 7.81 (d,J.= 9.0 Hz, 2H), 7.66 (d,J = 8.0 Hz, 4H), 7.56 (d, J
= 8.5 Hz, 6H), 7017 (&' /= 8.5 Hz. 6H), 3.97 (s. OH), 3190 (s, 6H). BC NMR
(Acetone-d®, 100 MHz): & (ppm) 165.7; l1473 133.1, 132.9, 131.4, 129.6, 129.5,
127.9, 124.3, 124:2, 1280, #17.5, 1170, 92:(), 91.7, 88.3, 86.9, 56.9, 51.6. MALDI-
TOF m/z Calcd fori CsoH39IN,Oy4s 719.29;.;qund 718.85 [M]+. Anal. Calcd for
Ca9H39IN,O4: C 69.50, H4.64, N-3.31; Fourfif ©.68.26, H 4.43, N 3.28.

 dd

2.3.28 Preparation-of C"2N".

CO,Me CO,Me

() ()

Ii i
Mel, CH3CN

2 s \l:vz

+
87%

_2_

-1

A mixture of C'2N* (0.10 g, 0.14 mmol) in"CH3;CN (15 mL) was-added with
CH4l (0.5/mL) and the mixture was stirred at rt in_a sealed tube. After 24 hrs the
solution was evaporated to afford C*2N" as a yellow solid (0.12 g, 87% yield). mp:
182-184 °C. "H NMR (CDsCN, 400 MHz): & (ppm) 8.02 (d, J = 8.5 Hz, 2H), 7.79 (d,
J=9.0 Hz, 4H), 7.73 (d, J = 9.0 Hz, 4H), 7.62 (d, J = 8.0 Hz, 2H), 7.51 (d, J = 8.5
Hz, 6H), 7.13 (d, J = 8.5 Hz, 6H), 3.88 (s, 3H), 3.56 (s, 18H). °C NMR (CDsCN, 100
MHz): ¢ (ppm) 166.3, 147.6, 147.4, 146.3, 133.3, 131.7, 129.7, 124.7, 124.5, 91.9,
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87.0, 57.3. MALDI-TOF m/z Calcd for CsoHss5I2N30,: 719.35; Found: 704.031[M-
CH;]". Anal. Calcd for CsoHssIN30,: C 61.67, H 4.66, N 4.32; Found: C 62.91, H
4.60, N 4.53.

2.4 Photophysical property study
The stock solutions of 1-10 mM fluorgphores diluted to 200 uM in 50 mM
phosphate buffer pH 8.0 or 50 mM phosphate buffcesaline pH 7.4 were prepared.

2.4.1 UV-Visible spectroscopy
The UV-Visible abserption spectra of the stock solutions of fluorophores were

recorded from 250mm to Z00 nm.at ambient temperature.
|

2.4.2 Fluorescenee spectroscopy

The stoclg solutions of ﬂuoroph‘(')res were diluted to ~0.1 and 1 pM,
respectively, with their respective solvents;‘ The emission spectra of fluorophores were
recorded from 390 nm to’ 700 -nm at amblent temperature using an excitation

wavelength at 360 to 380 nm, respectlvely

.Ju‘_g

=
« A
L

2.4.3 Fluorescence qui;htulil yields f
The fluorescence quantum yield of ﬂdb'rbpheres were performed in phosphate
buffer (PB, 50.mM) pH 8.0 by using quinine sulphate (O =.0:54) in 0.1 M H,S0, as
a reference.[47] The - UV-Visible a absorptlon spectra of five analyt1ca1 samples and five
reference samples at varied concentrations were recorded. The maximum absorbance
of all samples should never exceed 0.1. The fluorescence emission spectra of the same
solutions using appropfiate excitation wavelengths selected were recorded based on
the absorption maximum wavelength (Ay.x).0f each compound. Graphs of integrated
fluorescence intensities were plotted against the absorbance at the respective
excitation. wavelengths, Each plot should be. a_straight line with L interception and
gradient m [48].
In addition, the fluorescence quantum yield (®r) was obtained from plotting of
integrated fluorescence intensity vs absorbance represented into the following

equation: ,
Grad
Gradg;, \ ns;
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The subscripts @sr denote the fluorescence quantum yield of a standard reference
which used quinine sulphate in 0.1 M H,SOy4 (@ = 0.54) and @y is the fluorescence

quantum yield of sample and 7 is the refractive index of the solvent.

2.5 Fluorescent sensor study

2.5.1 Metal ion sensg .' : ’, //
The excitation wa "—?’h;,,.,. s 375 nm sion was recorded from 390

to 650 nm. Solutions 0 SN d 6C was p mM potassium phosphate
buffer (pH= 8.0) using a.so o n -‘ he O‘u w- on,stof 3C,, 3N"and 6C were
adjusted to 0.20°mM. ) Io ide | o A vere _o‘ pared in Milli-Q water.
Concentrations of.all stoe e J ortde s ' , justed to 0.2 mM and
were added with te ( s i-> ol \ \ .

final volumes of the ' S were 2 f stec [  al ord the final concentration

of 10 pM for the flugtop n?O-ﬂ? M

| @@E’f ,
2.5.2 Proteins array ensor;&?&‘rjﬂ £

- .-a

fluorophore solutions. The

The excitation waveleng h was 0 he emission was recorded from 390
to 600 nm. Solutions of all '
buffer saline (PBS)

fluorophores wes

srepared in 10 mM sodium phosphate
th. Concentrations of all

i ;!. All protein stock
solutions were if : i J e at 280 nm (Agg)
being 0.4. The ein/fluore P prepa by mixing and PBS

dilution to afford the final concentration of ﬂuorophores equal to 0.2 uM and the

A ByribINg
AN TUANINGAE
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2.6 Dendritic fluorophore incorporated nanofibers for proteins detection.
All chemicals were of the analytical grade, purchased from Sigma-Aldrich

(Milwaukee, WI) and used without further purification, unless otherwise stated. Milli-
Q (>18 MQ) water was used in the preparation of all buffer solutions. Steady-state

fluorescence measurements were pe orme a HORIBA FluoroLog spectrofluo-
rometer using the excitation af __ 0 / ¢ image analysis was performed
on a Leica TCS SP2 7. I mi @ excitation at 364 nm. The
scanning electron mi ed i 0-FEG. Fiber analysis was
performed using F?v’ frared | opy on a Equinox 55/S

FTIR spectrometes

> acetate (CA) is used as
the host matrix in o : ‘ \ ' hemical resistance, thermal
stability, low nonspegific absgrption, ar acity to b sily functionalized with

-'i:"". .

il =T
: QZ:J': .1% 3C (by weight) in 8:1 (v/v)
a1 Acetone/H,0
,‘I .-“'J .ai"l

..a" <l The solution was electrospun at avoltage
“"-F' _:.. et o e kV, a tip-to-collector distance of 10
m i olutich flow rate of 1.2 mL/h.
high
[V :

»> - dary ;f structures, we deacetylated
q the CA fibersina50m H ethanol solutionat 25 °C
on for 24 h.

o WW AIAIHBIINUANE

fluorescent dendrimer, and deacetytlation process used in this study.

To further improve the surface area:volume ratio and overall performance a
simple deacetylation treatment was used to create specific secondary structures with

our electrospun nanofibers. Park and co-workers have demonstrated that secondary



44

porous structures can be inserted into the backbone of electrospun CA fibers by
homogeneous deacetylation treatment of CA to cellulose using a practical processing
step while at the same time maintaining the nanofiber’s physical properties [50-52].
This deacetylation treatment is used in our work to generate evenly distributed
secondary pores throughout the nanofiber backbone of cellulose to improve the
sensing performance. A schematic illustration of the electrospinning setup,
encapsulation of the fluorescent dendrimery and deacetylation process is shown in
Scheme 2.1.

These dendrimers commonly démonstrated 16w Visible fluorescent emission,
but 3C" was found to be.an exception that gave visibly high fluorescence. The
variability of the fludrescent emission among the dendrimers is due to aggregation,
which is caused by.small differences in the charge distribution among different 3C".
The electrospinning selution was ptepared by dissolving 17% CA and 0.1% 3C (by
weight) in 8:1 (wv) Agetone/H>O,"and then placed into a plastic syringe. A high-
voltage DC power supply. (Glassrhan Higﬂ" Vgltage Inc. Series EH) was connected to
a 25-gauge blunt nose pecdle attached to'f‘h_le_ syringe containing the electrospinning
solution. , “

The electrospun fibers were collected on a grounded aluminum plate. The
CA/3C solutions were electrospun ata Voltaéééf 21 kV, a tip-to-collector distance of
10 cm, and a solution flow-rate-of 1.2 mL/h._Al,l-of the electrospinning procedures
were carried outlat 25 °C with a collection time of approximately 90 s. To create
secondary porous': structures, we deacetylated the CA fibers in a 50 mM NaOH
ethanol solution at 25 °C for 24 h, thoroughly rinsed them with water, and then dried
them using N,. The chemical reaction of CA to cellulose was traced by using FT-IR
spectroscopy. The charaéteristic absorption "peaks attributed to the vibrations of the
acetate group at 1745(vCdO), 1375(vC-CH3), and 1235 cm-1(vC-O-C) disappeared
after deacetylation of CA. An absorption peak at 3500 cm-1 (vO-H) was also
observed, indicating successful deacetylation. The“FT-IR spectrum obtained after

deacetylation.agréed with that of pure cellulose fibers,



CHAPTER II1

RESULTS AND DISCUSSION

3.1 Synthesis and characterization of zoroth and first generation of dendritic

. {A_uorophores, carboxylic acid

and quaternary ammonium. groups ed at the peripheral groups of the target

alely
- .ﬁ:‘*’ Fes
g ] f’ - ok
PACL(PPHY)s, Cul,—— ,CO;3, CH,Cl, / MeOH,
|—©—COZM8 —=WNe;S - > R — H%@—R
DBU, Toluers " il ~  rt,12hr.
' : R =N(Me), 9 ~~  R=N(Me), 91%
| R=CO,Me 87%

e —_— 'y

Sche s(‘ is 7

 J

The reactive c&qre, 4, 4, 4"-trii0d0tr%).l}enylamine, v@s prepared from triple
iodinati triphenylami si yltrimethyl- i iododichloride
(BTMﬁzuﬂe%m]EMSemﬂmm s in hands, we
proceed ﬂth the Sonogashira cou&ling between T3I and methyl 4-ethwlbenzoate

=~

qmﬁﬂm BRI TR
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MeO,C C02Me
1 1 1)220q n=r)-come
Me,Si—=-H PACL(PPhy),, Cul, DBU
33 ¢q. BTMAICI, 11eq _ Tolwene3he
—_— ——>»  Me;Si— < >—N

©N© CaCO0;, CHCly, MeOH @ @ PdCl,(PPhy),, Cul, DBU 2)1(2(:03 CHZCIZ MeOH
reflux, 36 b 1 Toluene, rt, overnight g

T3I TMS21
78% 33%
n——<7 )-COMe H
33eq E2C0
PdCI,(PPhs),, Cul, DBU 2 steps 46%
Toluene, rt, 24 h
Scheme 3.
Convergent ap ' 4d in the'sy 1 1e first generation dendritic
fluorophore starti )i ing a protected monomer | Sonogashira coupling
of the core T3I wit ' - of trin Isi \ ne. The coupling of the

monomer with _ . e A at e followed by base-catalyzed desilylation
gave the dendron whi | ‘ -xaesters (6C"). The base-
catalyzed hydrolysis of " J“ hyl-—es: v vas proven to be very time-
consuming taking about 48 hi ) tic owever, we could eventually obtain

the first generation dendriti _1?@3_.{..}#& #.___._: : actory yield (Scheme 3.3).

S COOMe
)

NN l-
(5 ..-d’ ]
-}.‘ ) |
©
N - p— COOMe
I'© ©I Toluene, rt, 4 h \ '5 ‘Z‘
B e

ﬁﬁbqwﬁ%ﬁwﬁw;wm
ARAIN T um'z

refluxed, rt, 2 dais
HOOC COOH
\

11 1
Q 6C ©
COOH 68% COOH

Scheme 3.3 Synthesis of 6C".
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The coupling of T3I with 2.2 eq of N,N-dimethyl-4-ethynylaniline followed
by base-catalyzed desilylation gave the E2N" (Scheme 3.4). The reaction between the
N,N-dimethyl-4-ethynylaniline and T3I gave rise to the 3N, which was treated with
an excess of Mel to provide the polycationic fluorescent compound 3N" (Figure 3.5).

Compound 6N” was prepared throu ergent synthetic approach in which the

final step involved the coupling of 'l 31 wi 5.5.equiv of the E2N’ whose synthesis

2 steps 51%

I /
H N
\

i eq

— >
N
LT, recrermghuey
I 1 Toluene, rt,
] ~

Uik,

¢

RSN URIINYIAY
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| |
~N v
| IHI SN8
)

© + PACI,(PPh;),

ISR SE conl
Cul, DBU

I I O A O Toluene, 12 h
= N

I{1
Y ? 4
Ne O “Noe”” Moo’
&)

¥ E2N° | ®
i i
&) 6N’ &)

N 79% Ne

N -

CH;l, CH3CN
rt, 7 days

;* *f
O

N
Q@

)

6N* )
b 72% BN
1~ 1~

Scheme 3.6 Synthesis of 6N .

3.2 Synthesis and characterization of variousfy charged dendritic fluorophores

(2CN°, C2N, 2CN*, 2CNF, and €"2N)

The synthesis of the variously charged dendritic fluorophores began with a
statistical Sonogashira coupling between 4.,4".4"-triiodofriphenylamine and 2.2
equivalent of methyl-4-ethynylbenzoate (Scheme 3.6). The tcaction gave a mixture
which could be separatédiand purified by simple silica gel column chromatography to
afford the mono-, di-, and triester products in 22%, 34% and 28% yields, respectively,
representing the overall yield of 84% (Scheme 3.7). Sonogashira coupling of
monoester with 2.2 equivalent of N,N-dimethyl-4=éthynylaniline afforded C°2N°
which was hydrolyzed to give.the monoanionic compound € 2N°. Using the same
synthetic protocol, diesters were coupled with 1.1 equivalent of N,N-dimethyl-4-
ethynylaniline to give 2C°N" and the subsequent hydrolysis gave rise to the dianion
2C"N’. Methylation of 2C°N" and C"2N’ conveniently produced the di- and
monocationic fluorophores C°2N* and 2C°N, respectively. In addition, the

zwitterionic compound 2C"N* was prepared by base-hydrolysis of 2C°N*. All new
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compounds were characterized by "H NMR spectroscopy, IR spectroscopy, elemental

(C, H, N) analysis and high resolution mass spectrometry (HRMS).

CO,Me 2.2 eq

IDBU PhMe, rt, 12 h

2CN° (72%)

CHjl, CHy,CN
1,48 h

(95%)
y A

C ﬂﬂophores.

The 'H NMR & anna of co jound 2C:N°, C2N°, 2C°N*, 2C°N7, and C"2N*

R W R e

correspo ing structure. In1t1ally, 4,4' 4"-triiodotriphenylamine core showed two

doub t si nals at 6.8 and 7.5 ppm corresponding té-its aromatic rotothen T31
A ﬁmﬁu b Ll sk ) 1 o

lester product showed signals of the methyl ester protons as a singlet at 4.0 ppm and

1) KOH, MeOH/THF/H,0 T, 1. 7 00
reflux, 12 h CHy, CH;CN "';/g.ff_.# :lr'l" L
2)HCI I M ; R = =y ey, W

:,,"_'
C'2N°(76%) - C2NT(84%)  2C°N° (929
v i

Scheme 3.7 Syntﬂf route

four new doublet signals at 7.2, 7.4, 7.6 (overlapping with the signal of aromatic
protons on iodophenyl group at 7.5 ppm) and 8.0 ppm corresponding to the aromatic
protons of the newly mounted p-substituted benzoate moiety. For C°2N’, a new

singlet signal of the methylamine protons appeared at 3.0 ppm and the aromatic
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signals appeared as two doublet at 6.7 (4H) and 7.4 ppm (greatly overlapping with
other aromatic proton signals). The hydrolysis of C'2N’ gave C2N" which is
insoluble in chloroform and its "H NMR was obtained from the DMSO-d6 solution.
The spectrum showed that the singlet signal of the methylester protons at 3.9 ppm
totally disappeared upon the hydrolysis. The conversion of C"2N’ to C"2N" was
achieved by double methylation evide el ~a new singlet signal of the methyl

ammonium protons at 3.5 '-=;-_~.H.‘ e 3
H'-NMR (400 MHz) in CD,C! -

a

H'-NMR (400 MHz) in DMSOQ-d6 —~ .
f bE

-

\J',h"l

g1

Figure 3.1. '"H-NMR (400 MHz) of 2IC", C"2N°, C2N° and C"2N*.

The diester product I2C° showed signals of the methyl ester protons as a singlet at 4.0
ppm and four new doublet signals at 7.2, 7.4, 7.6, and 8.0 ppm corresponding to the
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aromatic protons. Upon incorporation of dimethylaniline moeity, 2C°N® showed new
signals of the methylamine protons as a singlet at 3.0 ppm and two doublet signals of
aromatic protons at 6.7 (2H) and 7.4 (8H) ppm (Figure 3.2). The hydrolysis of 2C°N’

gave 2C'N’ which is insoluble in chlorogorm and thus its "H NMR spectrum was

obtained from DMSO-d6 solution. Upon the hydroly31s the signal of methylester

TH-NMR (400 M

b c.gd

dgh
b

I7:4I70‘&6:2I5:8I5.4v5.l).4:6‘4:213:8l3:4r3:ﬂl

AU INENINEING

Figure 3:2, "H-NMR (400 MHz) of 12C’, c"2N, 2

q Wl A UBRITNYAE B

TOF-MS that showed the molecular ion peaks corresponding or directly related to
their molecular weights (Figure 3.3 and 3.4). High resolution MS and elemental
analysis results are included in the experimental section at the end of each

corresponding synthetic procedure.
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3.3 Photophysical property study

The photophysical properties of nine fluorophores (6C~, 3C~, 3N*, 2C'N°,
C2N’, 2C"N*, 2C°N', C"2N* and 6N") were studied. In aqueous solution, they
displayed maximum absorption wavelength (An.y) ranging from 368 to 392 nm (Table
3.1). The maximum emission wavelengths of the fluorophores were in the range of

450 to 489 nm. Their fluorescen e 12 1 , elds (®f) were relatively low in aqueous

media, especially for 2C™N"™ ¢ \ 2N i ssessed both electron donating

amino group and ele withd 1 ) at their peripheries (Figure

3.5-3.6). The low @y due t amolécular ¢ er (ICT) between electron
donating and electron v [@WingG grou \\| iously" described [55-57].

Compound
) %D

375..1.;#?-1

- 37
* *;}“ 48 9.7
2C'N® | {J r - ,
con | il ‘ 0.6
2C'N* v Ny
2CON* m‘ y

CO2N* 13.0
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Figure 3.5. Normal q‘ on spectra’ ne fluorophe (10 uM) in phosphate
buffer pH 8.0. | : 7
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=- — — — —
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Fy —2C-N+
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S 40 1 ——2CON+
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TFigure 3.6. Emission spectra of nine fluorophores (10.0 pM) in phosphate buffer pH

8.0. Expanded emission spectra of six fluorophores.
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3.4 Surfactant enhancement of 3C", 3N", and 6C".

In phosphate buffer pH 8.0, compounds 3C", 3N", and 6C" displayed absorption
peaks at 374, 370 and 375 nm. Upon the addition of TitronX-100, a nonionic
surfactant, the absorption bands were slightly red-shifted to 383, 382 and 379 nm,

respectively. The spectral shift be

‘ 1so observed in the emission spectra, but
) i 3
in an opposite direction % on /)gion. The emission peaks of these

compounds were at : 485 @sence of Triton X-100. The
surfactant caused st t0 blue-sh , 47 and 68 nm, respectively
(Figure 3.7). Mo T, thefinefease _ m yields (®r) strongly

ntermolecular dissociation

agrees with the ass
of these compound he stfong of f ion of 6C” comparing to
that of 3C” also suggeste hat 1 effect is greater for larger
fluorophores, likely drophobic interactions

(Table 3.2).

— 3C
— 3N*
—_— 6C

3C+ Triton X 140
—7 3N*+ Triton X 1P0
C-+ Triton X 140

Mnalized ntensity(a.u.)

[ =
° =

00 . 450 | 500, - $80,  co0.
AN Fhaddiann £ 8
9
Figure 3.7. Normalized emission spectra of 3C", 3N", and 6C (107 M) in the
absences and presence of Triton X-100 (500 uM) in 50 mM phosphate buffer pH 8.0.
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Table 3.2. Photophysical properties of 3C", 3N", and 6C” in 50 mM phosphate buffer
(pH 8.0) without and with Triton X-100.

‘ithout Triton X-100

"f.)
/ ‘ﬁw

3.5 Metal ion Sesdr.

The fluorogenic repo; *rﬁi" _—; ] ] 6C into various transition metal
ions such as Cr**, Fe*', Co>", Ni’™, ,_.E...,._.:
AN Y,

Q™ A £ o ”

[eSCENce s was,_slightly quenched by

>" and Pb>" ions were investigated.
In phosphate buffer p
various metal i arw—'—”rﬂ*'mw" s.while the fluorescence
signal of 6C Sig Hg”" (Figure 3.8a-

¢). In the presence of Triton 00 fluorescence ial C could be quenched

by all metal ions wh1 e the fluorescence signal of 3N" was not affected by any metal

O YR erTT
qmmmmwﬁﬂmé’ﬂ
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In order to access a iuangltative measurefeént of ﬂuorescencMuenching,

bbb i

L {6 faral Jar X T

Qetween the fluorescence ratio I/l and the Hg2+ concentation were obtained with the
Stern-Volmer constant (Kg) of 33,700 M and 5,800 M for the system with and
without Triton X-100. in With Triton X-100, the considerably higher Ky, clearly

demonstrats that the surfactant can amplify of the selective quenching effect probably

by increasing the binding between the fluorophore and Hg®* (Figure 3.9). The
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nonselective quenching of 3C" suggested that the positively charged metal ions reduce
the electrostatic repulsion between the partially dissociated negatively charged
fluorophores 3C’, resulting in the enhancement of self-quenching. Conversely, the
charge repulsion among positively charged fluorophore 3N, having a comparable

molecular size to 3C", cannot be reduced by the metal ions and therefore exhibits no

//

enhancement of the self-quench1 '=~.,

4.5

t Triton X-100

riton X-100

100

Figure 3.9. Stern-Volmer pl fs-forfluo Jrescer , enchig of 6C (0.1 uM) with and
without of Triton X-100 (0.} mi L‘-"’ LA -n"
:

The seleciive fluorescenc [ s 6 little complicated to
E g mmﬂ metal ion enhanced
I hching mechanism is unlikely to play the ey role. The quenching

effect may involve séleGtive formation of 6C-Hg™" lex at the periphery leadmg
e b A PR o

and this l“mplex sites [58-59]. To test if the complexation is reversible, EDTA, a

rationalize. With hi

associative self-

chelator, was added. The agiltlon of 2.5 molar equiv of EDTA Mld restore
e i

b ol ) it Y ok s o

‘above hypothesis to some extent.
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Figure 3.10. Emission 1 of 6C ‘ : he additior ong2+ (40 uM) and
EDTA (100 uM). | ‘ AN

3.6 Proteins array se nsor

It has been pre: usl b simple protein such as bovine serum
albumin (BSA) can enhance al of any fluorophores in aqueous
media by its surfactant-li '7 nine variously charged dendritic

for fluorescence

fluorophores  exhi ' ‘ idates
enhancement upon ysis. To realize the
protein sensing Eentl : U 10@[ each fluorophore in
phosphate buffer saline pH 7.4. The fluorescent intensities Of the fluorophores were
apparentl enhancec‘dﬂrentl upon the addition of BSA (Figure 3.11), 1mp1y1ng
e B AL A Tk} e v

hydroph ¢ and charged domalns of protein surface can generate opulent

Ql ﬁ(}l‘e]cular 1nteractl(% w1t tiiucl)rcgﬁor;s] ’?ﬁ to dlfferenuiljls of
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6C 3C 2CN° C2N° 2CN* 2C°N*  CO92N*  3N* 6N*

Control

BSA

Figure 3.11. Photographicaamage of the fluorophore solutions (10 uM) in phosphate
buffer saline (10.mM, pH*7.4) in the abisence and presence of BSA (Asg = 0.1, 2.1
uM) under black light. :

The large increases in ﬂu(.)r_escerzt,intensities and blue-shifting of the signals
for 3C", C"2N", and 3N" upon BSA additiibjn mdicate significant reduction of the self-
quenching process: via intermolecular fluerophore dissociation. To investigate the
protein dependent ﬂuorogenie" re%;}onses (}f' ‘the nine fluorophores, a set of eight
commercially available proteins: were sele‘été’df for testing based on the variation of
isoelectric points (pl) ranginé' i:refn 4.8t01 ﬁ?é:" ell as molecular weights ranging
from 12.3 to 106 kDa. The selected protelns ,.were Bovme serum albumin (BSA, pl=
4.8, 66.3 kDa), Concanavahn A (ConA pl= 5 5- 8 tetramerlc 106 kDa), Cytochrome
C (CytC, pl = I@-’;'—liﬁ—kBa‘)—H'rstone-fH-rs—pi—tﬁ-Sﬁ-lb’ kDa) Human Serum
Albumin (HSA pl = 5.2, 69.4 kDa), Lysozyme (Lys, = 11.0, 14.4 kDa),
Myoglobin (Myo, pl = 7.2, 17.0 kDa), and Papain (Pap, p,IF 9.6, 23.0 kDa) [34].
Upon the addition @f these proteins into solutions of the fluorophores, different
fluorogenic “response ‘patterns were: observed. /| As: shown in Figure 3.12, the
fluorogenic responses of five fluorophores (3N", C"2N*, 2C°N*,"2C'N* and 3C)) are
visually detectable whereas the other four (6N, €2N°, 2C'N" and 6C) respond
pootly. ‘Owing te their ldrge hydrophobic: corés,| the insensitivities of 6N and 6C
may result from strong self associative interaction of the fluorophores which cannot
be surmounted by the protein-fluorophore interactions. The observation of relatively
lower ®f of 6N* and 6C in comparison to their zeroth generation analogs 3N* and
3C (Table 3.1) is another sound evidence for the high tendency of the fluorophore
association. For C2N" and 2C'N’, their poor responses may be attributed to the ICT
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process, as previously described, in which the protein-induced deaggregation may not
influence. The low responsive fluorophores were thus screened out from the array,
leaving only five fluorophores for further investigation with fluorescence

spectroscopy.

Control BSA ConA CytC His HSA Lys Myo  Papain

2CN*
C2N°

2C°N°

Figure 31%_= gropped photographic images of the ﬂuoroplig)rﬁ solutions (2.0 uM)
in phosphate bh&_r saline (10 mM, pH 7.4) upon addition of eicﬂ protein (Asgo = 0.1)
under black light. n

4 n,
3 -

The use of logarithmic values allows a very wide range of data to be concisely
and informatively plotted so /that'the fluorescence quenching (negative values) and
enhancement” (positive values) can“be" easily recognized. As shown“in Figure 3.13,
non-metalloproteins such as BSA§ HSA, ConA, and His enhance the fluorescence
signals ‘of] alis fluorophores; ptesumably| by protein-induced dissociation imechanism
[10]. On the other hands, the metalloproteins containing Fe**i.e. Cyt C and Myo
quench most of the fluorescence signals, perhaps by either the electron or energy
transfer process.[60-61, 62] Lys and Pap significantly affect only the fluorescent
signals of 3C and 3N" but not the other three fluorophores. Both of these proteins
have pl higher than 7.4 (the experimental pH) and therefore they should exist in
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cationic forms. These suggest that Lys and Pap interact with the fluorophores mainly
via coulombic interaction. The fluorescence enhancement for 3C is likely to operate
by a normal protein-induced dissociation due to a strong electrostatic attraction. For

the positively charged fluorophore 3N™, the opposite fluorescent response occurs

m 3C-
m 2C-N+

m 2CON+

1/1,at 460 nm

m CO2N+

3N+

=

L A

@ 'l_r-.-‘_"" B A
(Aex= 375 nm) :iﬂuorophore solutio s(0§ 0 a?ouffer saline (10 mM,
| i h A,

pH 7.4) upon v— g9 =001)————

Althoughme histogram plot (Figure 3.13) alream showed differentiable

patterns of the ﬂuor%e&i& responses toward &15 eight protein analytes. Discrimination
of thes¢. mulii-dimensional ‘ uvorophotes X ot replicates) can
be ’furt@| ryzﬂyairﬂﬂltﬁtmlﬂaglﬂrin pal component
analysis (PCA) and linear discrimifiant analysis (LDA) have been successfully used
PWARIRIDIAAIG PGS~
Qiscrimination of éna ytes such as metal ions, anions, amino acids, bacterial cells, and
cancer cells [63-69]. In this work, a nonsupervised PCA method was first applied on
the data set of fluorescent intensity differences (Al =1 - I) at 460 nm without defining

of which replicating data series belong to the same group. The PCA transformed the

data set into principle component (PC) scores based on their pattern similarity [70-
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71]. The PCA score plot showed roughly eight clusters of the data corresponding to
the numbers of the proteins tested (Figure 3.14) signifying an encouraging level
classification. In the next step, factorial discriminant analysis (FDA), a supervised

method [72-74], was applied on the PC scores using a leave-one-out routine to cross-

validate the discriminating ability. Based on PCA scores obtained from the
fluorescent intensities at various wavelc :
results revealed that the data \\:::x\
98.61% (Table 3.3). vavele

from the first two PCs i whicl PC" anwed 96.72% and 2.83%.
respectively (Figure 3.15 > . - ,

—

¢BSA HEConA
CytC X His
(HSA eolys
+Myo -Pap

PC2 (2.11%)
'

-

. 7"7|'-'~“"ET-T'-E’#: ¥, Rhe

Figure 3.14. PC@ore plot of A asured at 460 nm obta@l from the data set of 5

fluorophores x 8 protein samples x 9 replicates.
- )

AULINYNTNYINT
RIANTUNRINYINY
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Table 3.3. Variance contribution of the first two PCs and classification accuracy

obtained from PCA and FDA on the fluorescent intensities (Al) measured at various

wavelengths.

Wavelength - ; .‘ / FDA
(nm) (L — &)fCPs
430 3 -' 09.50% 95.83%
460 95.83%
490 95.83%
500 98.61%
510 97.22%
520 98.61%

4 BSA mConA
A CytC X< His
y A ®Llys
it - Pap

oy
[ V]
-

L

PC2 (2.83%)
5
o
wn
o
wn
o
=
o
o

=
h
o

ﬂu 'ﬁwmm

ammmmumqwmaﬂ

Flgure 3.15. PCA score plot of Al measured at 500 nm obtained from the data set of 5

fluorophores x 8 protein samples x 9 replicates.
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Since it is not always the case that every variable sensing elements in the array
is significant for the discrimination of the analytes, some of the elements may
generate noise or redundancy that can adversely affect the analysis. For practical
application of sensor array, it is desirable to work with the lowest numbers of sensing
elements that impart satisfactory analysis performance. In our attempt to reduce the
sensing elements, PCA loading plot was used to identify the importance of each
individual fluorophore toward each PC. The plot ebtained from the measurement at
500 nm (Figure 3.16) showed that 3C was the.main contributor to PC1 while C"2N*
was the main contributor to PC2. Consequently, 3€C and C"2N" were picked out as

the most important'sensing eléments for this set of proteins.

0.4 l

P b 2CON*

| [0 2C N+
0

Loading for PC2

-0.2

-0.4

|

0.2

0.8

3c@

Loading for PC1

Figure 3.16. PCA loading pld‘t of Al measured at 500 nm obtained from the data set

of 5 fluorophores-x=8-protemrsamples=x=9-replicates:

The PCA=score plot of the data obtained from these two selected sensing
elements (3C and €°2N") showed that the first two PCs contained 100% of the
variance’ (Figure 3.17a). The FDA'| cross-validation results” alsorevealed 100%
classification accuracy for these two sensing elements. In comparison to the five-
fluorophore array which provided 99.55% variance for the first two PCsfand 98.61%
clagsification™aceuracy.. The results  ascertained that this two-fluorophore| array
displayed a better discriminating ability due to the reduction of non-informative and
redundant data. It is also importance to note that this reduced array can even
discriminate between the two proteins with closely related structures and properties

such as BSA and HSA.
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Figure 3.17. PCA score plot of Al-mea 00 nm obtained from the data set of

the reduced array sensors compos . .=; ’ P 9N", and (b) 3C and 3N".

To 5;-; %: 7 ation leading to the
, the PCA was also
g 3C and 3N", which
represent usual ﬂuqbﬁres with all nega&.ily or all positively charged groups.
Althoug firs ed 100% of the
total vari uEi ﬂfﬁﬁ ﬂﬁ wﬂ\ﬂ ﬂ ﬁ were located
awfully close to each other (Fig 3:17b). The FDA Sross- -validation on tWC scores

IR SR YIRS

highlighted the benefits of the charge variation in the development of high

selection the most. su

1 . ,'
performed on the data obtained from a reduced array compris

performance protein sensing arrays.
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3.7 Nanofibers doped with dendritic fluorophores for protein detection.

The electrospun fibers were optimally prepared from a solution of cellulose
acetate and 3C™ (17% and 0.1% w/w) in Acetone/H,O (8:1 v/v) jetted from a 25-gauge
blunt nose needle by a high DC voltage of 21 kV, a tip-to-collector distance of 10 cm,
and a solution flow rate of 1.2 mIi/l\ w !?e nanofiber nonwoven mat collected on

Y .

a grounded aluminum plate‘gxhibite

ibrous morphology without bead

formation and good stmgm;s_ta;bil.ity as s 7 the SEM image (Figure 3.18).
The fibers were corwm, aTEl had a diameter ranging from approximately
ot

400—2000 nm, sim orted by, Xié‘fi@he surface area: volume
ratio of the elect N nefiwove ) filmyis "f:’n'ther magni by the deacytelation of

the cellulose aceta

0se’ 10 creqle p"fosity within the one-dimensional (1D)

\

ARIRIRTRIURATRIAG Y

'‘CA/0.1% AFD dissolved in 8:1 acetone/water). Inset is a zoomed-in image of the

fiber.
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The protein sensing properties of the fibers were characterized by monitoring
the fluorescence quenching behaviors of cytochrome ¢ (Cyt C), hemoglobin (Hgb),
and bovine serum albumin (BSA) as a function of their concentration. All proteins
were bovine specific, where cyt c is positively charged (pI 10.2—10.7), Hgb is neutral
to slightly negative (pI 7.0—7.4), BSA is negatively charged (pl 4.8—4.9), and 3C" is
negatively charged at physiological and cxperimental pH [60]. The fluorescence
intensity decreased proportionally with inercase” in Cyt C concentration (Figure
3.19a). Similar behavior was observed with Hgb (Figure 3.19b). The efficient
quenching effects of the metalloproteins, cyt ¢ and Hgb, are primarily due to energy
transfer of the imbedded fluorescent dendrimer with the protein as both cyt ¢ and Hgb
contain metallo-heme portions within the protein. Some of the quenching effect for
proteins can be attributed to clecfron transfer, cansed through the electrostatic effects
in the binding of the anionie dendrlmer to the positive patches of globular proteins.
When BSA was useds however, an 1n01eas¢ in the fluorescence was observed (Figure
3.19¢). The slight'increase in local ﬂuoresg_g_nc__e_ of the dendritic fluorophore within
the high-surface-areasof the nanofibers suééestéd that the negatively charged BSA
proteins reduce the n—t stacklng of the partlally dispersed negatively charged
dendritic fluorophores through repulsmn ﬁéi:cés resulting in an increase in the
fluorescence [76, 77]. It is ‘expeeted that 1;\7\(0- main factors contribute to protein
detection: (1) the charge distribution density on the proteins.,surface, and (2) the
location of the ﬁletalloproteins secondary structure. The intﬁcate nature of the
interaction of these two factors should result in protein-dependent signals allowing for
good sensing capabilities.

The fluorescencesdynamic quenching sensitivity can be quantified through the
measurements with the Stern—Volmer equation. The“Stern—Volmer analysis of the
electrospun sensors for cyt ¢ and Hgb is shown in Figure 3.20. At concentrations
between 100 nM and 6.4 uM, a linear relationship between quencher concentration
and/lp/l was |obtained; showing' homogeneous quencher-accessible, sites” in the
¢lectrospun fibers under the experimental conditions. The Kgy, sensitivity of the
electrospun fibers, was found to be 3.4 x 10° and 1.7 x 10® M' for Cyt C and Hgb,

respectively.


https://vpn.chula.ac.th/+CSCO+dh756767633A2F2F63686F662E6E70662E626574++/doi/full/10.1021/am100345g#fig3
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Figure 3.19. Fluorescence emission spectra of the 3C -functionalized nanofibers in

response to varied concentrations of (A) Cyt C, (B) Hgb, and (C) BSA (Aex/Aem =
370/475 nm.)

Wavelength (nm)
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While Hgb showed strong quenching signal (large positive I/l -1), Cyt C and
BSA tested under the same experimental conditions demonstrated a small quenching
and enhancement (small positive and negative I/l -1), respectively (Figure 3.22).
Distinguishable responses for different proteins observed here clearly point to an
effective fabrication of solid-state sensors for a specific protein by embedding a

selective receptor/transducer into electrospun fibers.

18 -
14 -
13 4
12.
i
10 -
9
8-
74
G-

6 o . Ksv=3.4x10° ML, Cyt C

Ksv=1.7x10° M Hgb

I/

[

Figure 3.20. Stern—Volmer I;lots of the nanéfibers for Cyt C (=) and Hgb (°). Inset:
Analyte-dependeit-pattern=for-200-n of “bovine-metalloproicins (cyt c, Hgb) and
nonmetalloprotein{(BSA) in PBS buffer solution (pH 7.4). .

The ﬂuorescénce protein detection was further Visualizéd using a high resolution
UV confocal mieroscope. sLhe sfluorescenee images of=the~3Ci=doped cellulose
nanofibers before and after incubation with 10 \uM _Cyt C solution for 15 min
illustrated“the remarkable quenching effect of the nanofiber sensors (Figure 3.21).
The flhorescence images before the quenching process alsgjindicated thestheuniform
dispetsion of fluorophores throughout the whole length of the.cellulose! fibers.that is

beneficial to sensing performance.
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Figure 3.21. Confocalfluorescence images of the electrospun nanofibers before (left)

and after (right) #ficubation in /10 oM cyt cisolution for 15 min.

The reusability, reproducibility, and stability of the nanofiber material were also
investigated. To demonstrate the reusability of the sensor, the cellulose nanofibers
was immersed in a 25 gM solutien‘ef Cyt € for 5 min, and then in a 50 mM NaOH
ethanol solution for 15 min followed by rinsing in water and drying in air. The fibers
were then reused for sensing-the same cyt ¢ solution. In the tested 5 cycles, the
nanofibers exhibited less than 15% loss of fluorescence intensity signal (Figure 3.22),
indicating outstanding reusability. - The smmilar quenching _ability of the used
nanofibers as‘the-pristine fibers is attributed to the noncovaleit nature of the protein-
fluorophore interaction, which is largely based on the electrostatic and hydrophobic
interaction. In fact, that weak binding events and striping process do not denature or
significantly leash out the fluorophore, which allows for excellent sensing recovery.
The repredugibility of the sensoris reflected-byslow batch=to-batch.variation of 5.3%
for the cellulose acetate/3CT nanofibers using 3 separate measurements produced on
different ‘days. For the stability test, the buffer solutions before and after each

expetiment wete exantined; and no legkageiofithefluorophote gvas found
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Figure 3.22. Five : 1 ence emission of the
nanofibers for 25 p > of quenc ng, erati s cess. Quenching time: 15
min, regenerated by immersing 50 mM [ ethe ol solution for 5 min, PBS

buffered solution (pH 7.4) {0 1in yith N ‘* Aex/AEm = 370/475 nm.
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CHAPTER 1V

CONCLUSION

In conclusion, a series of phenyleneethynylene dendritic fluorophores
containing variously charged peripheral groups were successfully synthesized. These
phenyleneethynylene based dendritic moleculcs with a charge decorated periphery
constitute a new intriguing elass of fluorophores useful for sensing applications in
aqueous media due_towtheir water Solubility and. wide fluorogenic responses.
Investigation of this new'class'of flurophores containing exact numbers of fluorogenic
units provided 1nsight understanding‘t in the signal responses derived from
fluorophore/analyt€” interactions that led. to several successful sensing applications.
The fluorescence quantum efficiencies oi the fluorophores in water were relatively
low, mostly less than" 15%, mainly attfibuted to self associative quenching and
internal charge transfer (ICT) process. Tﬂ'g quantum efficiencies were considerably
enhanced in the presence of-a Wonionic "éurfaétant such as Triton X-100. In the
presence of Triton X-100, the ﬂuorescent{j’ign_al of the first generation dendrimer
containing a carboxylate periphery-could be seleetively quenched by Hg™". A wide
linear fluorescence quenchmg response {0 H’g concentration was observed in the
range of 2-80-uM (0.4- 16 ppm) The ﬂuorohphores showed-different fluorogenic
responses  t0r “Vaiious——pioteiins——decpeiding o the.. Consequence of the
fluorohphore/protein interaction. Fluorescence enhancement was observed where the
interaction caused the reduction of self associative quenching while quenching of was
observed where the.interaction led to energy or electron transfer non-emissive
chromophoré: Theifluetescénce initéngities Of the/flurophotes possessing ICT groups
were hardly affected upon protein-binding. The 'wide.range 'of fluorogenic responses
of these fluorophores constituted an array of useful data for protein identification.
Baséd on wigual .observation of fluorogeni¢ tesponses to the protéins, 4iine [synthetic
fluorophores~were " screened to five ‘to" be used’as “sensing “elements:” Multivariate
statistical analyses, principal component analysis (PCA) and factorial discriminate
analysis (FDA), of fluorescence intensity data were systematically used to find the
optimum detection wavelength and reduce the array of five fluorophores to two. Eight

proteins with wide range of molecular weights and isoelectric points were manifestly
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discriminated with 100% accuracy by PCA and FDA based on the fluorescence data
from just two charged dendritic fluorophores. Lastly, nanofibers of dendritic
fluorophore doped cellulose acetate were developed as a fluorescent protein sensor
using electrospinning technique. The slective fluorescence quenching of the fibers

¢ and hemoglobin probably as a

was observed for metalloprote ‘
result of energy or electron fi \ ‘. ( en the embedded fluorescent
molecules and the metallo =f-*---m.i“ ions in &W he quenching effect on the
sensor showed good linear dependency with ein concentration in the range of
0.1-10 uM with a high que : M_ for hemoglobin. The
solid-state sensor'was reusable by ¢ pping | a5 .1 NaOH ethanol solution to
regenerate the fluores engle 8 ‘ |

For future developmen ¢ the theme of is work, novel series of fluorescent
dendrimers withsWVarieg s ﬂ‘ [ ‘ e licyaldehyde salicylic

u

dicarboxylic and ammg explored for sensing

il a ol
-

properties. These fungtio 1@;@@ <pecte ovide greater sensitivity and

Q )
ypes of aﬁ e5 8

chains on the phenyl rings ate iw?l! i oring as they should improve water

specificity to other as oligo(ethyleneglycol)

solubility as well as quantu ‘im"*",; reducing self associtive quenching.

n- ..""‘J#.ff

Fabrication of this type of 1 phores in 1to’ ve 5 solid-state platform remains an

openning challerige toward the practical applications and comi el clalization.
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Mercury is one of the m i; al U
generated from industrial sources. The most abundant ionic
form of this element is the mercuric ion (Hg?™), which can

be accumulated in the or, nﬁhuman or animal bOdlM
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akhon,t and

e, and

ylene ethynylene repeating units and anionic carboxylate or

heral groups were synthesized. he flrst generation fluol ndrimer containing nine phenylene-ethynylene
perlpheral groups exhibited a highly selective flu j by Hg?" ions. The Stern—Volmer constant

(K.,) was 33,700 M~ In aqueous-m: he presence of Triton X-10

.5 .
redox.* chroniap enic,” or fluorogenic® changes as the means
of detection.

Fluorescence-based methodologies have attracted much
interest due to their intrinsic sensitivity and selectivity.’
been devoted to the design of

through t efa i
to produ ul e t alco t c ds to be used as sensors for mercury.
Developmen of itivesand sel or solubility in water and low fluorescence

that can prcq;je dlrect determmat]ons of the amount of Hg
in aqueous media is therefore of great mteresf Chemosen-

e bqnﬁrrﬁe improved
partmentfof Che istr)H:aJJltylof Sﬂncn L

* Center for Petroleum, Petrochemicals and Advanced Materials.
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Figure 1. Structures of dendritic mo
Several methods have been use dendritic molecules. We thus decided to synthesize
increase quantum effici ompounds 1—3 (Figure 1) and study their fluo-
polyelectrolytes or su ; i

Conjugated polyelectro we heen' appli ’ yvlacetylene is selected as the repeating fluorescent
detection of metals d igheffigient sgati 1chi ‘ s known high fluoresence quantum yield and
properties with quen 2 Treg i Lk i To make the dendritic compounds water-
tants were also used to eafiance th i ; [ ) olu xyl or quaternary ammonium groups have been
yields of hydrophobic ugaie iers containingghy- S peripheral groups. The compounds were
drophilic side chaing#™" Yminan d oph(jm,-d ac L T Sy “a convergent approach as outlined in Scheme
tions between surfactants agd ] ei:imn tl# 1y ive core, 4,4".4”-triiodotriphenylamine 4, was
reduce the aggregation. JAn 1 of suffaciint f ) the iodination of triphenylamine using ben-

amplification of the que onium iododichloride (BnMe;-ICl,)."* The
polymers and quenchers hat

The fluorescent linear l-4-ethynylaniline 6, were obtained through the
nylenes) substituted by ¢ coupling'* of trimethylsilylacetylene with the
reported to exhibit a quenching € 14 nding aryl iodide and a subsequent base-catalyzed
mediainthe absence and presenc i with' desi ion. With the required building blocks in hands, we
constant (K,,) values of 10* Spectiy ~ proceeded with the Sonogashira coupling between 4 and 5
Despite offering high sensivity, the unpredretable ';,.,.... - ollowed by the hydrolysis of triester 7 to afford ionizable
and tertiary structures in solution. dile lnorophore 1. Similarly, the reaction between 4 and 6 gave
repeating fluorophores and random m"'recﬁfeﬂ” cdnfo‘;m‘ﬁo s e triaming.8, which was treated with an excess of

in linear conjueate polymers, can lead to inconsis e polycationic fluorescent compound 2. In

quenching effect: cable-be order to obtain diedifst generation fluorescent dendrimer 3,

In compariso ‘ Al “d redetion of the core 4 with 1 molar equiv
fluorophore unit dendrimers can b silylacetylene to obtain the branch building blocks
stepwise synthesis. T hould reflect onogashira coupling of 9 with 5 followed by
fluorescence property and other structure-related behavios desilylation the dendron 10, which was coupled with 4

to afford hexaester 11. The hydrolysis of 11 eventually
(8) Zhu, X.-J.; Fu, S.-T.; Wong, W-K.; Guo, J.-P.; Wong, W.-Y. Angew. afforded first generation fluorescent dendrimer 3 in moderate

Chem., Int. Ed. 2006, 45, 31505315 15
e, D. T.; Pullen, A" wager, T. M. Chem. Rev ZGIM yleld
; . on the photophysical properties
. Without the surfactant, compounds 1—3
peaks

g az around 370—375 nm. In the

J. Am. Che c. 2003, 125, 896-900. (© B“”"WS’ H.D. L"bo’v M M resence of the surfactant Triton X-100, these bands were
Pina. J.: Rames, M. L.: Seixas de Melo. J.: Valente, A. J E/[ ; Tapia. M. 1. P

Pradhan, S.; Scherf, U. Macromolecules 2004, 37, 7425-7427. (d) Kaur, slightly red-shifted to 379— 3@@ The spectral shifts

P.: Yue, H; Wu, M Liu, M.; Treece J ‘Waldeck. D. H.; Xue, C.; Liu, H
’ 1988, 545%
eV o 3 Bha th
3589 ) Pes;

.. Fujisaki, S.: Maeno,

. S. J. Am. Chem. Soc.

3878. 1 . Macromolecules 1997,

(12) (a) Kim, L-B.: Dunkhorst, A.; Gilbert, J.; Bunz, U. H. F. 30, 6467 6482 (c) sztala.ksakul A.; Dasari, R. R.; Ahn, T.-S.; Al-Kaysi,
Macromolecules 2005, 38, 4560-4562. (b) Kim, 1.-B.; Bunz, U. H. F. J. Am. R.; Bardeen, C. I.; Thayumanavan, S Org. Lett. 2006 8, 2981 —2984. (d)
Chem. Soc. 2006, 128, 2818-2819. (c) Kim, L.-B.; Phillips, R.; Bunz, Zhang, X.; Ren, X.; Xu, Q. H.; Loh, K. P.; Chen, Z. K. Org. Lett. 2009,
U. H. F. Macromolecules 2007, 40, 814-817. 11, 1257-1260.
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Scheme 1. Synthesis of 1, 2, and 3 Table 1. Photophysical Properties of 1—3 in 50 mM Phosphate
Buffer (pH 8.0) without and with Triton X-100
BnMegN-ICl,, CaCO3, ( R R%LR%=H R'\@ /@/Rz
GHCl. MeOH. reflux, 36 R R R =1 (76%) N absorption fluorescence
Cul, PACH(PPha}; TMS-C=CH, ( B .
DBU, Phie, 1,4 h 9 R R=1, compd Amax (DM) e(Mem™) Amax (M) Dp®
R= C:C-TMS (33%) R
9 & Without Triton X-100
- 1 374 5900 454 0.097
I K f 2 370 26823 485 0.14
Cul, PACK(PPh3;, DBU, . N 3 375 63500 489 0.037
4, PhMe, rt, 12 h L 3
. pr r / With Triton X-100
5 Ré = COOMe 383 9592 434 0.47
5 R Nile, __J 382 21310 438 0.46
4 TE—— 17O 49820 421 0.65
—l

inine sulfate in 0.1 M H,SO4 (D = 0.45) was the reference.

KOH, MeOH, THF 1, 12 h Mel, CH,CN, 70 °C, 24

1(75%)

1) Cul, PACI(PPhs),,

OBl Ehbe 41 4 Fre . fuores e signal of 1 was quenched by all metal ions listed

88 koo, oty f ¥ signal of 2 was not affected. On the other
MeOH, rt, 12 h r L o | b i - - P - .

(74%) / ‘ o y % ore 3 still exhibited a selective quenching

rement of fluorescence quenching. K, for
Triton X-100 was 33,700 M~!, whereas it
0 M™! for the system without Triton X-100
 clear that Triton X-100 could amplify this
ing effect.

lective quenching of 1 suggested that positively
ions reduce the electrostatic repulsion between

Cul, PACI{PPh3)2, DBU,
4, PhMe, 121

Intensity(au

observed in the ernii §ion specti 2
direction and of moie.Significance. The emission peaks of
1. 2, and 3 were at 454, 485, and 489 nm in the absence of

Triton X-100. The surfagtant.caused the emission bands v

blue-shi y .47, 6 . resp tiv y T 1)_7 , wo 40 __en s s e 400 420 440 460 480 500 520 540
The s rease in flu n&e quantuf L o T A % Wavelength (nm)

(Dp) suggeste it the deaggregation of 1— us; [ T | gaff) —a

by the ion of the surfactants. The enhancement of dr 1 o — 1 e

N
8

Intensit
g8

o 8

of 3 was greater than that of 1 implied that compound 1, a !
smaller molecule, was only partially deaggrégated.

‘ investigatedyt I i ayiorsiof i ) - ,
esen: tal 1ons in the +2joxidation state, Suc! ' ' i ) . ‘
L Fe, PHCuf, Ca* [ Heg% ¢ “Withou " '

the surfactant, the fluorescence signal of 3 can be quenched igure 2. Emission spectra of the solutions of 1-3 (10 #M) upon
the addition of metal ions (40 «M): without Triton X-100 for (a)

(15) The spectroscopic data ('H and C NMR, MALDI-TOF MS, and 1, (b) 2, and (c) 3; with 0.1 mM Triton X-100 for (d) 1 (1 zM), (e)

ESI-MS spectra) of every compound are available in Supporting Informa- 2 (0.1 uM). and () 3 (0.1 pM).
tion.

Intensity|

2770 Org. Lett, Vol. 11, No. 13, 2009
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Figure 3. Stern—Volmer plots for fluorescence quenel ng of 3 (0.1 ﬂ mission spectra of 3 (0.1 «M) upon the addition of
«M) with and without of Triton X=100 (0.1 mM) d EDTA (100 uM).
the partially deaggregated negaii hafe difiil o S, q\h approach. We have demonstrated that these

1, resulting in the enha
versely, the charge repulsio

based dendritic molecules with a charge
riphery constitute a new intriguing class of

fluorophore 2, having a cemparable®moleculag si “Le "'h 0 u ores useful for sensing applications in aqueous
cannot be reduced by t ctal ighS and'there forg R ntum efficiencies of the fluorophores in water
no enhancement of the self-q g \ “% \ 1d enhanced by the nonionic sufactant Triton

| the presence of Triton X-100, the fluorescent signal

The selective fluorescenceiguenchi i3 by | is \
complicated and diffic o rafionalige. Wi 16 hig

selectivity for Hg>", the com i ' '
quenching mechanism is unli

eration dendrimer containing a carboxylate
ol co be selectively quenched by Hg”. A wide
Q .
quenching effect may invol ‘selye e P tion cence quenching response to Hg concentration
complex and efficient energy transfer be : oot . ™ S ange of 280 1M (0.4= 16. PP m) ther
o . | j C. along this line are currently under investigation,
;?:;01;;; Zzggfeio?fjg la)tet i virl' F ill be disclosed in due course.
EDTA., was added. The addition of 2 )
could restore the fluorescent signal of 3 tolit
(Figure 4). The result supports the above hypethest:
extent.
In summary, a series of diphen
compounds containing “negati
peripheral groups were

g
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Nanofibers Doped with Dendritic
o Fluorophores for Protein Detection

I: Bryce W. Davis,” Nakorn Niamnont,” Christopher D. Hare,” Mongkol Sukwattanasinitt,*"T
and Quan Cheng*'T

Department of Chemistry, Uni s y of Califodni e. California 92521, Organic Synthesis Research Unit,
Department of Chemistry, Facu \"-»\ : “Petroleum, Petrochemicals and Advanced Materials,
Chulalongkorn Universi okol '

ABSTRACT We rep 0 d proteins with an anionic fluorescent dendrimer (AFD).
The AED was encapsulateesiiee I hich were deacetylated to cellulose to generate secondary
porous structul c better signaling. The protein sensing properties
of the fibers were charag g ochrome c (cyt ¢), hemoglobin (Hgb), and bovine
serum albumin (& a Qf cangentrati bserved for the metalloproteins, cyt ¢ and Hgb. The
effect was p iy due tra Of the ¥ 5CE Ners to the protein, as both proteins contain heme
portions. Electron tra e of the anionic dendrimer to the positive patches of
globular protein d be S 1§V 2 : a “turn-on” response in fluorescence, suggesting
the negative gharged Beh q ack | persed, ely charged dendritic fluorophores through
repulsion forces, whig ' 9 5 i f e “gonstants (Ky,) of the electrospun fibers were found to
be 3.4 x 10° andy X 4 d D € ability of the nanofibers is excellent: the nanofibers
demonstrated lg; an | i X

KEYWORDS: electrg i résts ‘ s nanofibers

- tension of the polymer solution a stable jet is formed

1. INTRODUCTION

sol" ta;&a .

he developmen i | dnda nbrane-like web of small fibers is emitted onto the

I tinues to be gffmajoginterest within kag f gh nd electrode (9). The use of electrospun nanofibers for
nology field becausgiof many p @}fc\_ﬁ emical sensors using fluorophores has been previously
functions (1). For instange, these-solid E-SE reported. For instance, Samuelson and co-workers have
exhibit advantages of ¥ éatiﬁf . Sedbiity, . demonstrated that pyrene methanol and hydrolyzed poly[2-

simplified optical setup, and a Ias 12
ever, desirable mechanical, electr: >
can be difficult to realize at sens

(3-thienyl) ethanol butoxy carbonyl-methyl urethane] (H-
PURET) can be immobilized to the surface of electrospun
membranes for the detection of metal ions (Fe** and Hg?"),
they require sophisti rotolueng4DNT), and methyl viologen (MV?%) (10, 11).
a broad range, eported the use of sol—gel chemistry to make
nanotubes,_na e ———porphyTirde “_ manofibrous membranes for the detection
ene (TNT) vapor (12). A major drawback
many of the: ue f f 8. however, is that they require multiple
ment. Recent cation s, resulting in inhomogeneous dispersion of
wide range of a sensing molécules within the membrane and potential fluores-
biosensors, filtration membranes, drug delivery devices, and cent leakagé ultimately compromising sensitivity, stability,
scaffolding for stem cell growth (3—7). and reproducibility of the solid-state optical sensors. More

Electrospinning ‘a mer processing techniquew recently, Yang et al. demonstrated that secondary porous

s with diaraele nginggro n € StEUCTUrespeoul a to 9-chloromethylanthracene (9-

rs(8). T ) i S! kse CMA)-doped celltlose a te (CA) nanofibers for the detection
g polyn ion is subject to a high elgetric | off MV?t (13). Althoughe Yang’'s work provided a simple
e Isive €lect i e overcomes the a ach to creating secondary pores within the nanofiber,

there is still a need for new fluorescent units that demon-

* Corresponding author. Tel: (951) 827-2702 (Q.C.). ail: quan.cheng@ Ee distinctive FRET prope@and better process char-
(Q.Cagmo hula. ac. ). LeTiSt S| improveds reteation, all of which are
. i i < 2 R0 impor r rating n o nsors.
T Universi li i ! . | . )
* Chulalongkerm University. | luorescent dendrimers igl ective receptors for
DOI: 10.1021/am100345g fluorescent optical sensors for many different target ana-
2010 American Chemical Society lytes, such as explosives (TNT and DNT) and biomarkers
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Scheme 1. Schematic Illustration of the Electrospinning Setup, Encapsulation of the Fluorescent Dendrimer,
And Deacetytlation Process Used in This Study; Five Water-Soluble Fluorescent Dendritic Compounds (AFD-1,
AFD-2, AFD-3, AFD-4, and AFD-5) Composed of Phenylene-Ethynylene Repeating Units Are Illustrated®

deacetylation

\

secondary
pores

“ The circled AFD-3 is P ¥ d ndete on of talloproteins.

(14—18). In comparison L rification, unless otherwise stated. Milli-Q (>18
numbers of fluorophore tnits i i -ear bee 'y MQ)waier was used in the preparation of all buffer solutions.
trolled by simple synthetic means. This Steady-state fluorescence measurements were performed
allows for more predictable st
properties within the sensor. In this
lene dendritic compound containing
peripheral groups is used as a
past, Thayumanavan and ¢

scaffolding to ge
metalloprotein a

a HORIBA FluoroLog spectrofluorometer using the exci-
ation at 370 nm. Fluorescence image analysis was per-
" ed on a Leica TCS SP2/UV confocal microscope using
itation at 364 nm. The scanning electron microscope
afPhillips XL30-FEG. Fiber analysis was
g ougier ransform infrared (FTIR) spectros-
¥ /S FTIR spectrometer with a Bruker
Q

of their sensor wa

density around the p in, as we A'is used e host matrix in our nanofiber fabrication
of the heme within the metalloproteins. Although the use o because of its_chemical resistance, thermal stability, low
fluorescent dendrimers for solution-based protein detection nonspecific absorption, and capacity to be easily function-

exists (19), there is still ka of research that uses simpl alized with recognition elements (23). To further improve

approache to creating reus olld-state devices that ca £ io and overall performance a
respo gl wllTie acet ent was used to create specific
were -gate Seco stru€tures ur electrospun nanofibers. Park
nanofibe; fo g proteinsin ol st 1g

and co—workers have demonstrated that secondary porous

forward tap-down in situ electrospinning approach is utilized
structures can be inserted into the backbone of electrospun

along with anionic ﬂuorescent dendrlmers (A ) to fabncate
Alhders by homogeneous de latlon treatment of CA

once
0 oAc ctica step while at the
) pri am ining th hysical properties
i d ylatl trea used in our work

2. EXPERIMENTAL SECTION to generate evenly distributed secondary pores throughout
All chemicals were of the highest analytical grade, pur- the nanofiber backbone of cellulose to improve the sensing
chased from Sigma-Aldrich (Milwaukee, WI) and used with- performance. A schematic illustration of the electrospinning
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setup, encapsulation of the fluorescent dendrimer, and
deacetylation process is shown in Scheme 1.

Five water-soluble fluorescent dendritic compounds
(AFD-1, AFD-2, AFD-3, AFD-4, and AFD-5) composed of 500 v
phenylene-ethynylene repeating units (Scheme 1) were =
synthesized according to published procedures and screened

dendrimers is due to aggregation, whick 5 GURE 1. SEM image of electrospun AFD-doped deacetylated
differences in the chargée i i e fibers (17% CA/0.1% AFD dissolved in 8:1 acetone/water).

. SW¢)omed—in image of the fiber.

The electrospinni
ing 17% CA and 0. 1%

yt ¢), hemoglobin (Hgb), and bovine serum

high- voltage DC powerSis S 13 \ in (BSA) as a function of concentration. All proteins
Series EH) was con 25 8auge bit ecific, where cyt ¢ is positively charged (pl
attached to the ' | ghg g Wy —10.7), Hgb is neutral/slightly negative (pl 7.0—7.4)
solution. The ele atively charged (pl 4.8—4.9), and AFD-3 is nega-

grounded alun m 7 g'C AIA B 50 : N, t physiological pH (29). The fluorescence
electrospun al (ag j C er varying with the concentration of cyt ¢
distance of 10 cm ‘ ( - , ed in Figure 2a. The fluorescence intensity
All of the electrgspinningiprogedure ied . ortionally with increase in cyt ¢ concentra-
25 °C with a iofiffimg imately 90 s, ion. Similar behavior was observed with Hgb (Figure 2b).
create secondary pofo : ; R B ‘ f icient quenching effects of the metalloproteins, cyt ¢
CA fibersina 50 g ' Om at 28, \ Hgh, are primarily due to energy transfer of the imbed-

< : nt dendrimers with the protein as both cyt ¢
contain heme portions within the protein. Some
enching effect for proteins can be attributed to
ansfer, caused through the electrostatic effects in

them using N;.
was traced by using
ing Information).

1375(vc—cws), and 1235 ¢ —0O=C) disappez S bular proteins. When BSA was used, however, an
- - se in fluorescence was observed (Figure 2c). The slight
——— increase in local fluorescence of the dendritic fluorophore

FT-IR spectrum obtained after deW °d with-the . within the high-surface-area of the nanfibers suggested that
L ~the negatively charged BSA proteins reduce the 7—u stack-

ially dispersed negatively charged dendritic
oh repulsion forces, resulting in an in-

3, RESIQL AND DISCUSSION
The electi@sp A we

stability.
woven mat is
ill»ustrating th{: large surface a nature of
w1th¥n the el : spun nonwoven film. The ﬁbers were in protein-
continuous, uniform, and had a diameter ranging from capabilities.

approximately 40 nm, similar to those re The ﬂuorescence dynamic quenching sensitivity can be
b; '» ﬁ !ESI si 1 ) nostru surements with the Stern—Volmer
ple spindin i i .
nanofibers a ecaus

inherent porosity created by the deacytela[lon of CA to 70 1+ KSV[Q] (1
cellulose. Consequently, umque seco ry porous struc-
. Ky is the Stern—

tures are homogenousl
1e protein s 't erquen constantyar he concentration of

acterized by momtormg the quenching behav1ors of cyto- quencher. The quenching data are usually presented as plots
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the proteins surface and (2) the location
protems secondary structure. The intricate
teraction of these two factors should result
endent patterns allowing for good sensing

ities in the absence
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3. Stern—Volmer plots of the nanofibers for cyt ¢ (M) and

~-

ific patterns. The results clearly point to an
broach to the solid-state fabrication of biosensors

solution UV confocal microscope. Figure 4 shows the

orescence images of the AFD-3-doped cellulose nanofibers
~ before and after incubation with 10 «M cyt c solution for 15
in, further illustrating the remarkable quenching effect of
anofiber sensors. The fluorescence images before the
' indicate the evident fluorescence emis-
(ispersion of fluorophores in cellulose,

OCES

1.5x10° o

1.0x10° 4

700

650

5.0x10° -
‘Ja ength (nm)

FIGU 1 scen issi e heAFD-fi ionali
nano in respons varied conc tion: A) A
and ( Aex/AEm = 75 nm).

of I/l \MUS [Q] with a slope equal to Ks,. The higher the
K., the lower the concentration of quench‘I is required to

chathe
itivity.
The Ster

cyt ¢ and Hgb is shown in Figure £ concentrations
between 100 nM and 6.4 uM, a linear relationship between
quencher concentration and lo/l was obtained, showing
homogeneous quencher-accessible sites in the electrospun

www.acsami.org

o/

rescenc d t reat dtri
rﬂnaof u :ﬁ

sensing performance.
eproducibility, and stability of the
sial were also investigated. To demonstrate
cusabili the sensor, we immersed the cellulose
nanofibers i uM solution of cyt ¢ for 5 min, and then
in a 50 mM NaOH ethanol solution for 15 min followed
by rinsing in water and drying in air. The fibers were then

reused for sensing the_same cyt c solution. Figure 5

‘ strates. t d nanofibers contain similar
enching ability as the pgistine fibers. In the tested 5 cycles,

“ the fibers exhibited [€ss than 15% loss of fluorescence

intensity signal, indicating outstanding reusability. We at-
i this to the noncovalen ure of the interaction,
his dargely based thegelectrostatic interaction be-

een th 0 nd pr Inifact, that weak binding

and striping proce denature the core, which

allows for excellent sample recovery. The reproducibly of
the sensor is reflected by low batch-to-batch variation of

5.3% for the CA/AFD-3 nanofibers using 3 separate mea-
surements produced on different days. For the stability
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10 uM Cyt ¢
—

16 min

130

20pm

FIGURE 4. Confocal fluorescence images of the electrosptin nanofibess before (left) and after (right) incubation in a 10 4M cyt ¢ solution for

15 min.

1.01

0.8

0.4+

0.2

Normalized Intensity (a.u.)

Cycles ¢ i

FIGURE 5. Repeated switchingof normalized ﬂuorescencdiemlssmn
of the nanofibersifor 5 cyeles of 25 uM cyt c of géenching/
regeneration process. Quenching time: 15 min. 1egenerar.ed by
immersing into 50 mM/NaOH @ethanol salution for 5 min.,PBS:
buffered solution (pH 7 4) for 5 min and dried with Ny qas ZBIZEm
370/475 nm. f

i

J ..I’,..

experiments, we tested the buffer solutlons before and after

each test and no leakage of [116 [fluocephore were found m J .l

the aqueous solutions.

4. CONCLUSIONS -— ’ J

In conclusion, a reusable, SOlld statefliorescent b1osénSor
was developed using electrospun nanofibers and anionic
dendrimefs for quantifving proteins in solution via a FRET
mechanisn=The selectivity and specificity of the sensor is
displayedsinthe specific response each protein has with the
fluorescent hess. The quenching effect is a result of energy/
electron transferprocesses between iron containing proteins
(i.e., cyt ¢ and Hgb) and the fluorescent core. The increase
in fluorescence by the BSA is due to the induced decrease
in 7—x stacking ofthe AFD-3 fluorophore localized on the
surface of the nanofibers. A relatively large quenehing
sefsitivity was.obtaired for AED 5-doped celltiloseé'nanofi-
bers with respeet fo Hgb, which is demonstrated with the
Stern—Volimerseonstants. The electrespun doped fibrous
material exhibited large surface area due to small diameter
and porosity of the nanofibers. This porasity stems from two
factors: the deacetylation of CA to celltlose and the disor-
detly drfangemenwiof fibefs.onte’the substrate. The ability
to homogenously embeéd fluorophores into the core/of the
fiber allows for better| reproducibility) reversibility, land

1802 APPL'ED&MATERIALS
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durability of the sensor. Future efforts will focus on exploring
a-manofiber sensor array containing different fluorescent
dendrimers for the detection and identification of protein
rargets via distinct fluorescence response patterns.
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a ariously charged dendritic fluorophores is developed. The
is achieved b | binations of cationic trimethylammonium, anionic car-
201 F id*men-ionic methyl este N, ylamino on the peripheries of the fluorophores. Nine
F nﬂd drit! orop < en zeroth generation bearing charges varied from

tw gel

ation bea —6 and +6 charges, are synthesized from triiodotripheny-
eries of Sonogashira coupling. In phosphate buffer saline pH 7.4, five out of these nine

]];Z{jvg':if;r luor genically re on§ el yrotein analytes distinctively. The data set of fluorescent
Fluorescence ~ itic d frof 5 flu opt_a es x 8 proteins x 9 replicated measurements can be statistically
Principal component analysis . ted i sters eorresponding to each protein by principal component analysis (PCA). Factorial
Protein identification | %5 diserimin ysis (FDA) cross-validation is applied to locate the optimum detection wavelength and
Sensor array of sensing elements from nine to two with 100% discriminating accuracy. The method
generally practical for the development of electronic tongue for protein related food

2N0sis.
© 2010 Elsevier B.V. All rights reserved.

R o il

1. Introduction .--::;f:glgi‘-" A, B I ~ . Fluorescence technique has been a detection method of choice
’ : ‘ o ‘f R high sensitivity and vast potential for selectivity enhance-
To keep pace with growing demands on proteomi , w-conjugated polymers have been developed as

cal diagnosis-and pathogenic detections, the development of new. highly sensitive sighal transducers due to their signal amplifica-
protein sensors iss@f great impottance. cul v 3 mergy coupling among their multiple fluorogenic

sors are mostly b sed on enzyme-linked ¢k, 2001; Wang et al.,, 2002; McQuade et al., 2000;
(ELISA) techniques using specific lock an al.,2007). Polyelectrolyte conjugated polymers with var-

between ligands, us die protein binding abilities have been used to generate patterns
2004; Ikebukuro ef al. ;L ., 2009). Ho > e applica- for protein di i} ination (Fan et al., 2002; Sandanaraj et al., 2006;
tions of those lockiand key binding interactions are limited du You et al., 200 iranda et al., 2007; Yu et al., 2008; Bunz, 2009;
to the low stability and reproducibility of antibodies as well as Gonzales et al., 2009).

the difficulty in taggin, em with fluorescent labels (Kodadek Complementary binding to protein surfaces has been asserted
al., 2004; Haab, 2006; Bor k and Wingren, 2009). Fol - in the observation of different fluorogenic responses to proteins
tiv. species s S in I d . | arr t rphyrins, consisting of a porphyrin
ind | interacti out of th ti e utilization of a' " hydrephobic ¢oré and hydrophilic amino acid peripheries (Jain
sensor arra recently be e aftractive as it requires §elec- 'and Hamilto 00; Baldlini et al., 2004; Zhou et al., 2006).
tive, T, r than sp ¢, binding of vario ensing elements to on-conjugated dendrimers containing anthracence core and car-

the p ns (McQuade et al., 2000; Albert et al., 2000). boxylate peripheral groups have also been used as a metalloprotein

‘ ﬁr array (Paul et al., 2006; chh et al., 2009). Notably, all
th 1.:466 2 2187620; fax:
ngkol@chula.ac.th Su

previously reported fluor c elements possessed either
0956-5663/$ - see front matter © 2010 Elsevier B.V. All rights reserved.

S
| " si ort all rely Charged groups. We thus see an
187598, oppartu comstructasen ay fluorophores based on
inil sy atic charge variation o dritic structures which should
doi:10.1016/1.bi0s.2010.07.096

=]
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R

<9
&
oWe
Il
ritic fl omphues,

- Fluorescence spectra were recorded on a Varian Cary
teins. To realize » i K 3 W T trofluorometer. The solutions of all fluorophores were
phenylene-ethynylene fl v hesized \'k 0mM sodium phosphate buffer saline (PBS) pH=7.4.
examined for their appli€ations " prote i 3 ;‘ of all fluorophores were adjusted to 5 .M and used
crimination as reporte i ! i A ‘ \‘ solutions. All protein stock solutions were prepared by

ith PBS until the absorbance at 280 nm (A,g0) being 0.4.
pI ﬁ 1/fluorophore mixtures were prepared by mixing and
ilution to afford the final concentration of fluorophores of
e protein concentration with Aygo 0f 0.01.

2. Experimental
2.1. Chemicals and mate

Concanavalin A (
from equine heart),
human serum albumin (HSA), lysozy
white), myoglobin (Myo, from equme hea
papaya latex) were purchased froim |
trimethylsilylacetylene, PdCly(PPhs )5t sod 1051 ben- line-dendritic fluorophores structures as shown in Fig. 1 were

ts and discussion

3.1. Synthesis and photophysical properties of the dendritic
uorophores

zyltrimethylammenium 4’4 -triiodotriphenylamine through series of
carbonate, ¢4 1Al carbonate and bovine serum albumin (BSA) " sonoy upls The variation of charge is achieved by
were purchased frotn Elukd. Triphenylaming, odine monochlonide diiferent combina of cationic trimethylammonium, anionic
copper (I) io I1,8-dia: B \_ on-ionic methyl ester or N,N-dimethylamino
quinine sulfatewere pur cr the fluorophores (Niamnont et al., 2009).
was purchased fromsMerck y synthetic step involves a statistical coupling with
without further purification. Solve ethyl 4-ethynylbenzoate, which provides isolable mono-, di- and

standard methods 1 to use. All reactions were carried out  gri-substitution products in 84% overall yield (Scheme S1 in the sup-

purchased from Merck peripheries in Wthl‘l C“ C~,N° and N* stand for carboxylate ester,
Xylate ester and two quaternary ammonium
7. 26 and the carbon resonance of CDCl3 at 77 ppm as the ref- 2C NO and 3C-) with the electronic charges varied from —3 to +3

under nitrogen atmosphere unless specified otherwise. Column  plement). The abbreviated names of the fluorophores are assigned
b nion in basic condition), amino and
‘1 l a

MR sp 0 Hz‘ R (o] its p riphery. The synthesis produced seven zeroth gen-
erences for TH and '3C NMR spectra respec ely. Mass spectra ﬁrst generatlon dendritic phores (6N* and 6C~) with
ona uk alt gesy(S 2 su lement). The detail syn-
rome! alliz cyano=4-h; theti ectro: all fluorophores are

mic . El C y avai ent
rfor ries 11 (F k1 bsarption aq ous s ion, th isplayed maximum

chromatography was performed on silica gel 60 (70-230 mesh) according to the number and types of the functional groups on their

am , respectively. For examples, C02N*
spec eter using the proton resonance of resndual CHCI5 at eration dendritic fluorophores (3N*, CO2N*, 2C°N*, 2C-N*, C-2N°,
spectra were measured by a Varian Cary 50 UV-vis spectropho— absorption wavelength (Amax) rangmg from 368 to 392 nm.
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The maximum emission wavelength of the fluorophores ranged
between 450 and 489 nm (Figures S1-S3 and Table S1 in the sup-
plement). The fluorescent quantum yields (@) of all fluorophores
were relatively low in aqueous media, especially for 2C~N°
and C2N% which possessed both electron-donating amino and
electron-withdrawing carboxyl groups at their peripheries. The low
@ due to intramolecular charge transfer from electron-donating
and electron-withdrawing group has previously been described
(Goodson, 2005; Terenziani et al., 2006; Zhang et al., 2

QF
3.2. Fluorescence responses of thefluerephores to proteins / ’

nal of many fluorophores in aqueous media by its surfactant-like
property (Kim et al., 2005; Tolosa and Bunz, 2009). With several
fluorophores exhibiting mediocre @ in hand, we envisaged a good
prospect to observe a wide range of fluorescent increases upon pro-
tein interactions which is useful for protein discrimination. The BSA
was added to a solution of each fluorophore in phosphate buffer
saline pH 7.4. As anticipated, the fluorescent intensities of the den-
dritic fluorophores were enhanced differently upon the addition
of BSA (Figures S4 and S5 in the supplement), implying diverse
interactions, i.e. hydrophobic, dipole and coulombic, between the
uorophores and the protein.
he large increases in fluorescent intensities and blue-shifting

It has been previously reported that simple protein such"as)_,.;ﬂ”%le signals for 3C~, C®2N*, and 3N* upon the addition of BSA

bovine serum albumin (BSA)ean enhance the fluorescence-sig-

Control BSA %!:lnA CytC

dade

signify protein-induced deaggregation of the fluorophores. These

His HSA Lys Myo Papain
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Fig. 2. (a) Cropped photographic image ©f the fliorophore solutions (2.0 p.M) in phesphaté buffer saline (10 mM, pH 7.4) upenaddition of each protein (Azgo =0.1) under
black light. (b) Histogram plot of logarithmic values of relative intensity (logI/lp) at'460 nm (Aex =375 nm) of fluorophore solutions (0.20 M) in phosphate buffer saline

(10 mM, pH 7.4) upon addition of each protein (Asp=0.01).
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positive preliminary results encouraged us to investigate the flu- principle component (PC) scores (Poulli et al., 2005; Dufour et al.,
orescence responses of the nine fluorophores toward a set of 2006). Based on the data similarity, a two dimension PCA score
eight commercially available proteins selected based on the vari- plot suitably generated eight clusters of PC scores corresponding to

ation of isoelectric points (pl) ranging from 4.8 to 10.8 as well eight types of proteins without knowing which data belong to the
as molecular weights ranging from 12.3 to 106 kDa. The selected same group indicating an encouraging level of protein classifica-
proteins were Bovine Serum Albumin (BSA, pl=4.8, 66.3 kDa), tion. To quantify the classification accuracy, factorial discriminant
tetrameric ConcanavalmA(ConA pl—S 5, 106k analysis (FDA) (Sadecka and Tothova, 2007; Karoui et al., 2007,

0.8, 21.° 008), a supervised method, was applied on the PC scores to cross-
Serurn Alburmn (HSA. pI 5.2,69.4 kDa ] e (Lys, pl= alidate the discriminating ability using a leave-one-out technique.
14.4kDa), Myoglobin (Myo, pl=7.2, PCA/FDA routines performed on the data at various wave-
pl=9.6, 23.0kDa) (Miranda et al, 2 1 f ranging from 430 to 520 nm, the results showed that the
these proteins into solutions of 0 “' i 500 nm gave the highest classification accuracy of 98.61%
rogenic response patterns we —S10 and Table S2 in the supplement). At this wave-
the fluorogenic responses of ZC"Warlance 0f99.55% can be obtained from the first two

large hydrophaobic cores,
result from self-associative | 0 ACytC xHis
is stronger than the N \ f | @ *HSA elys
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PCsinwhich PC1 and PC2 contributed 96.72 and 2.83%, respectively
(Fig. 3a).

Since it is not always the case that every variable is significant
for the discrimination of the analytes, some of the data may rep-
resent noise and can negatively affect the analysis. For a sensor
array, if the numbers of sensing elements can be reduced with-
plication

out deterioration of the discriminating performa its

ments, PCA loading plot was used toide \ th
individual fluorophore toward each PC.

data obtained from these
that the first two P
The FDA cross-validation results a
accuracy for these two.se

fluorophore array
PCS and 98.61% c]assxﬁc i

Although the
achieved the same le

on.the PG score

arrays.
4. Conclusions

A fluorescence sensor array cap.
teins with 100% accuracy has been
just two chaiged dendritic fluorophores. tk
cross-coupli
variously ¢
Based on t ¥
these nine fltiorg dhores were screened t
elements. Routine
of fluorescence
the optimum d ion waveleng 1 and
fluorophores t . The strategy presented here and the fluo-
rophores themselves should be valuable for the development of
electronic tongue foiprotem related food analysis and ed cal
diagnosis.
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