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Abstract

Two novel water-soluble hyperbranched poly(p-phengkthynylene)s (HBP1’
and HBP2") bearing different contents of oligo(déme oxide) (OEO) side chains
with ammonium end groups were synthesized by thigefaA , + B, (or Ay) + C3”
protocol based on Sonogashira polymerization. Tiivesar analogue (LP2’) was also
synthesized for comparative investigation. The agptiproperties of the neutral
precursory polymers in THF and final cationic caygted polyelectrolytes (CCPSs) in
agueous solution were studied. Compared with LPBP1’ exhibited increased
water solubility and fluorescence quantum yieldpitesits lower charge density, and
HBP2’, with the similar charge density as LP2’, wied the best water solubility and
the highest fluorescence quantum yield among treet@CPs. This indicated that the
introduction of hyperbranched structure into coapeg polyelectrolytes was an
efficient way to improve water solubility and flescence quantum yield because
intermolecular aggregation was remarkably prevenldek interactions among the
three CCPs and double-stranded DNA (dsDNA) werdistlusing ethidium bromide
(EB) as the fluorescent probe. The electrostatidlibgs of the three CCPs with
dsDNA/EB complex resulted in displacement of EBniralsDNA to the solution
accompanied by the quenching of EB fluorescencéh B@BP1’ and HBP2’' bound to
dsDNA more efficiently than LP2’, and HBP2' formé#tk most stable complex with
dsDNA, suggesting that dsDNA might enter the ceasitf single-molecular globular
architectures of these hyperbranched conjugatedeleatrolytes and induced

additional host-guest spatial interactions. Heit¢BP1' and HBP2' may be proved



very useful in gene delivery or DNA biosensor apggiions.
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1. Introduction

Conjugated polyelectrolytes (CPEs) are syntheticromaolecules with highly
delocalizedr-conjugated backbones and hydrophilic polar sicansh) which endow
them with optoelectronic advantages of traditiocahjugated polymers as well as
water solubility and ionic nature of polyelectragf1-3]. Amphiphilic CPEs can form
complexes with acceptors (e.g., oppositely chargeecies, biological molecules)
through noncovalent interactions, mainly includirgectrostatic interactions,
hydrophobic interactions andr aromatic interactions. Thus, excitons can effittien
transfer to lower electron/energy acceptor sitesn@llong conjugated parts to
superquench the fluorescence of CPEs or to amipidysignals of acceptors [1-3].
Over the past decade, these advantages have desuttee wide exploration of CPEs
as promising biosensor platform [1-10]. Beyond sensew functions of CPEs have
also been recently achieved in biological imagingl ébiomedical applications,
including gene delivery, drug delivery and releage, [11-16].

Although CPEs have been proven useful in theseicgigns, most of them
reported in the literature have linear backbonecstires and thus are “rigid-rod” like
molecules [1-3]. Such molecular configuration caramapt to the range of secondary
structures presented by biological macromoleculEg]. [In aqueous media, the
intermolecular interactions of CPEs with linear lkdames result in tight aggregates,
which may not only lead to fluorescence quenching tbn-stacking between the
backbones of CPEs, but also reduce spatial interact with biological

macromolecules [17-19]. Therefore, the efficienciek linear CPEs in their



applications above would be weakened. As promisiatgrials, hyperbranched CPEs
have been anticipated to overcome these drawbddikear CPEs [20-25].
Hyperbranched polymers are intriguing highly bratthmacromolecules with
three-dimensional dendritic architectures [26-28]contrast with multigenerational
dendritic polymers which require stepwise synthesith complicated purification
processes, hyperbranched polymers are easier teybthesized in a one-pot
procedure as well as show comparable propertigls Y¥& have employed the steric
repulsions induced by highly branched and globutaolecular structures of
hyperbranched polymers to prevent the strong aggmeg of linear conjugated
polymers (CPs)and thus have developed some stable and stronditphieemitting
CPs [29]. Furthermore, as the water-soluble deavigat of hyperbranched CPs,
amphiphilic hyperbranched CPEs can exhibit singtdecular globular architectures
with many cavities in aqueous media, and the foneli groups on hydrophilic side
chains extending into the aqueous solvent can @eovbinding forces for
bioconjugation [20,24,25]. Such molecular configiora can be expected to improve
contacts and binding stability between the molexuwé hyperbranched CPEs and
biological macromolecules as compared with the egape structure of linear CPEs.
Double-stranded DNA (dsDNA) with high density of gaéively charged
phosphate has been demonstrated in the studiemnefdglivery to form rather stable
complexes with polycations through electrostatid¢enactions [30,31]. Binding
stability of these complexes is one of the chigfureements in the applications of

gene delivery. Based on this point, some dendrdnzenjugated polyelectrolytes



with cationic charges have been developed for stgdygene delivery [32].
Publications introducing the studies of hyperbraaciCPEs in gene delivery have
been very limited to date [33]. Herein, we desigaed synthesized two structurally
analogous hyperbranched water-soluble poly(phepgitynylene)s (PPEs) with
different cationic charge densities through a serijl, + B, (or Ay’) + C3” protocol
based on Sonogashira polymerization. Water-sol@t#&s were used here because
they show good optical responses to environmerdahtions and are suitable for
studying structure—property relationships [34-3fe successfully modulated their
charge densities by adjusting the content of hylitimpoligo(ethylene oxide) (OEQO)
side chain with ammonium end group. Meanwhile, linear analogue of these
hyperbranched CPEs was also synthesized to stuelyinfftuence of molecular
configuration on their properties, including optigmoperties and their interactions
with dsDNA. The studies on the complex formatioristteese cationic conjugated
polyelectrolytes (CCPs) with dsDNA indicated thae thyperbranched CPE with
higher cationic charge density on the side chan®éd the most stable complex with

dsDNA.
2. Experimental Section

2.1. Materials

Toluene was purified by distillation from sodiumtive presence of benzophenone.
Ethidium bromide (EB) was purchased from Shanglenébase Gene-Tech Co., Ltd.
(China). All other chemical reagents were purchdsah either J&K Scientific Ltd.

(Shanghai, China) or Sinopharm Chemical Reagent IG@d.(Shanghai, China), and



used without further purification. All oligonucledés were purchased from Shanghai
Sangon Biological Engineering Technology & Sen@m, Ltd. (China). All aqueous
solutions were prepared with MilliQ water (18.2 M@ ) from a Millipore system. 1,
2-Bis(2-bromoethoxy)ethane [38], 1,4-dibromo-2,5Hoquinone [39] and
1,4-diethynylbenzene (Monomep)d40] were synthesized according to the literature
procedures.
2.2. General Methods

NMR spectra were collected on a Bruker Ultra shiglids 400 spectrometer with
tetramethylsilane as the internal standard. UV-Spectra were recorded on a
Shimadzu 3600 PC spectrophotometer. Photoluminesc@PL) measurement was
carried out on a Shimadzu RF-5301 PC spectrofldmtgmeter with a xenon lamp
as a light source. Mass spectra were recorded $himmadzu GCMS-QP2010 plus
equipped with DB-5 ms column. Elemental microanedysere carried out on a Vario
EL 1l CHNOS Elemental Analyzer. Molecular weigheasurements were performed
by Shimadzu Shim-pack GPC-800 gel permeation chi@gnaphy with polystyrenes
as the standard and tetrahydrofuran (THF) as trenél

The optical properties of polymers were studiedliinte solutions (c = 1 uM,
based on polymer repeat unit). All fluorescencecspewere recorded in a 3 mL
guartz cuvette with an optical path length of Inf®. #illi-Q water used in preparing
the aqueous solutions of the polymers and quenetesgpurged with nitrogen for 4 h
before using. DNA concentrations were determined rbgasuring the UV-vis

absorbance at 260 nm in 3 mL quartz cuvettes. Dhubld-stranded DNA (dsDNA)



was obtained by annealing the mixtures of compleargrstrands in a buffer solution
(10 mM tris-HCI, 100 mM NacCl, pH 7.5) at 2°C beldine melting temperature,T
for 20 min and then slowly cooled to room tempeamatu

2.3. Synthesis of 1,4-Bis(2-(2-(2-bromoethoxy)setjeikoxy)-2,5-dibromobenzene
(Compound 1)

A 100 mL round-bottom flask with magnetic stirringar was charged with
anhydrous potassium carbonate (8 g, 57.3 mmol}xdibmo-2,5-hydroquinone
(2.56 g, 9.52 mmoal), and 25 mL of acetonitrile. Whbke temperature of the mixture
reached 70 °C, 1, 2-bis(2-bromoethoxy)ethane (26£.9%.2 mmol) was added into
the flask, then the reaction mixture was stirredhét temperature for 24 h. After it
was cooled to room temperature, the mixture wasqubunto a large volume of water
and extracted with dichloromethane. The organicsphaas dried over anhydrous
sodium sulfate, filtered and stripped of solventttary evaporation. The residue was
purified by silica gel column chromatography (pé&ttn ether/ethyl acetate = 5:1) to
give a white solid (3.2 g, yield: 50.5 %). Mp: 48:@. *H NMR (400 MHz, CDC)): §
(ppm) 7.16 (s, 2H), 4.13 (t, J = 6.5 Hz, 4H), 3881 (m, 4H), 3.83 (t, J = 6.3 Hz,
4H), 3.77-3.79 (q, 4H), 3.69-3.72 (q, 4H), 3.48](t 6.3 Hz, 4H). Anal. Calcd for
Ci1sH26BrsOe: C, 32.86; H, 3.98. Found: C, 32.82; H, 3.96.

2.4. Synthesis of
1,4-Bis(2-(2-(2-N,N-diethylaminoethoxy)ethoxy)eiheX 5-dibromobenzene
(Monomer A)

Compound 1 (0.8,9 1.2 mmol) was dissolved in 20 mL boiling diethylamiand



the reaction mixture was refluxed for 10 h. Aftee removal of excess diethylamine,
water was added to dissolve the precipitate and éxtracted with ether for three
times. The combined organic layer was dried ovdrydrous sodium sulfate. After
removing the solvent, the residue was purified iigasgel column chromatography
(petroleum ether/ethyl acetate/triethylamine = 352 to give a yellow oil (0.68 g,
yield: 87.2%).XH NMR (400 MHz, CDCJ): J (ppm) 7.14 (s, 2H), 4.13 (t, J = 6.5 Hz,
4H), 3.84 —3.92 (m, 4H), 3.73-3.79 (m, 4H), 3.6673m, 4H), 3.57 (t, J = 6.5 Hz,
4H), 2.67 (q, J = 6.7 Hz, 4H), 2.56 (g, J = 7.1 BH), 1.02 (t, J = 7.0 Hz, 12HYC
NMR (100 MHz, CDCJ): § (ppm) 147.5, 120.4, 110.8, 70.5, 70.2, 70.0, 66837,
50.9, 49.9, 13.3. Anal. Calcd fordEl46BroN2Os: C, 48.61; H, 7.22; N, 4.36. Found: C,
48.58; H, 7.20; N, 4.33.

2.5. Synthesis of 1,4-
Bis[(trimethylsilyl)ethynyl]-2,5-[bis(2-(2-(2-N,Niethylaminoethoxy)ethoxy)

ethoxy) benzene (Compound 2)

Under nitrogen protection, Pd(PICl, (49.2 mg 0.07 mmol), and Cul (26.8
mg, 0.14 mmol) were added to a solution of Monomeg (A5 g 2.336 mmol) in 15
mL of diisopropylamine. Trimethylsilyl acetylene .46 g, 4.7 mmol) was slowly
added to the mixture at room temperature. The i@achixture was then refluxed
under nitrogen for 6 h. The solvent was strippeddunider reduced pressure. The
residue was passed through a short column of sigtaising petroleum ether/ethyl
acetate/triethylamine (75:25:3) as the eluent. Bratpn of the solvent led to a

yellow oil (0.866 g, yield: 61%)H NMR (400 MHz, CDGJ):  (ppm) 6.90 (s, 2H),



4.13 (t, J = 6.5 Hz, 4H), 3.85-3.93 (m, 4H), 3.7793(m, 8H), 3.61-3.63 (M, 4H),
3.55 (t, J = 6.5 Hz, 4H), 2.65 (g, J = 6.7 Hz, 4M%55 (q, J = 7.1 Hz, 8H), 1.01 (t, J =
7.0 Hz, 12H), 0.25 (s, 18H). Anal. Calcd fogeB64N2.06Sk: C, 63.86; H, 9.53; N,
4.14. Found: C, 63.88; H, 9.52; N, 4.16

2.6. Synthesis of
1,4-Diethynyl-2,5-[bis(2-(2-(2-N,N-diethylaminoekyyethoxy)ethoxy)benzene
(Monomer A)

Methanol (5 mL) and aqueous potassium hydroxidé ¢020%) were added to a
stirred solution of Compound 2 (0.8 g, 1.32 mmil) THF (8 mL) at room
temperature. After the reactant was stirred at reemperature for 1 h, a large volume
of water was poured into it, and then the mixtueswxtracted with dichloromethane.
The extract was washed with water for three time#) brine once, and then dried
over anhydrous sodium sulfate. After the solvens wamoved, the residue was
passed through a short column of silica gel usingtroleum ether/ethyl
acetate/triethylamine (60:30:2) as the eluent. Bratpn of the solvent led to a
yellow oil (0.51 g yield: 72 %).'H NMR (400 MHz, CDGJ): 6 (ppm) 6.99 (s, 2H),
4.14 (t, J = 6.5 Hz, 4H), 3.85-3.88 (m, 4H), 3.7363(m, 4H), 3.61-3.63 (M, 4H),
3.54-3.57 (t, J = 6.5 Hz, 4H), 3.34 (s, 2H), 2.65X = 6.7 Hz, 4H), 2.55 (q, J = 7.1 Hz,
8H), 1.01 (t, J = 7.0 Hz, 12H}*C NMR (100 MHz, CDG)): § (ppm) 151.4, 118.4,
112.3, 82.4, 81.5, 70.5, 70.2, 70.0, 69.9, 68.78,589.9, 13.2. Anal. Calcd for
CsoH4sN20s: C, 67.64; H, 9.08; N, 5.26. Found: C, 67.68; HA91, 5.23.

2.7.General procedures for the synthesis of linear raytolymers LP1 and LP2

10



Under nitrogen protection, degassed diisopropylaftmfuene (1:2, 12 mL) was
added to a 25 mL round-bottom flask containing 8.§20.2 mmol) of Monomer A
and 0.22 mmol diethynylbenzene monomer (0.028 g dMwer B, or 0.117 g of
MonomerA’), 6 mg (0.005 mmol) of Pd(PRi, and 2 mg (0.01 mmol) of Cul. After
the reaction mixture was stirred at 75 °C for 2dhbtomobenzene (0.1 g, 0.5 mmol)
was added for end-capping the polymer for an amithli 2 h. Upon cooling to room
temperature, the reaction mixture was subjected@sCk/H,O workup. The organic
phase was washed with water for three times, aewl dnied over anhydrous sodium
sulfate. After the solution was concentrated, isvdropped into hexane (200 mL).
The precipitate was filtered, dissolved in chloraip and reprecipitated in hexane
twice to obtain a yellow fibrous solid.

LP1: 0.085 g (yield 70 %JH NMR (400 MHz, CDCY): 6 (ppm) 7.56—7.44 (m, ArH),
7.05 (m, 2H), 4.11-4.27 (m, 4H), 3.45-3.90 (m, 16M55-2.90 (m, 12H), 1.05 (m,
12H).**C NMR (100 MHz, CDGJ): § (ppm) 151.3, 118.4, 112.5, 131.9, 122.5, 95.9,
84.3, 70.6, 70.3, 70.0, 69.8, 68.8, 50.9, 49.73.13.

LP2: 0.151 g (yield 74 %)'H NMR (400 MHz, CDCJ): § (ppm) 7.03 (m, ArH),
4.11-4.27 (m, 4H), 3.45-3.95 (m, 16H), 2.5-2.90 18H), 1.06 (m, 12H)}*C NMR
(100 MHz, CDC}): § (ppm) 151.6, 118.6, 112.4, 84.4, 70.8, 70.4, 76919, 68.9,
50.8, 49.8, 13.2.

2.8. General procedures for the synthesis of hyperbradcheutral polymers HBP1
and HBP2

Under nitrogen protection, degassed diisopropylaftmfuene (1:2, 12 mL) was

11



added to a 25 mL round-bottom flask containing 8.420.2 mmol) of Monomer A
0.22 mmol diethynylbenzene monomer (0.028 g MondBagor 0.117 g of Monomer
A7), and Monomer (4 mg 0.0126 mmol), 6 mg (0.005 mmol) of Pd(RJZhand 2
mg (0.01 mmol) of Cul. After the reaction mixtureasvstirred at 75 °C for 48 h,
bromobenzene (0.1 g, 0.5 mmol) was added for epgdieg the polymer for an
additional 2 h. The following procedures were thme as those of the linear neutral
polymers. The products were both brown fibrousdsoli
HBP1: 0.066 g (yield 54%)*H NMR (400 MHz, CDCJ): § (ppm) 7.6—7.69 (m, ArH),
7.38-7.58 (m, ArH), 7.0-7.18 (m, ArH), 4.11-4.27, (4H), 3.25-3.90 (m, 16H),
2.55-2.90 (m, 12H), 1.08 (m, 12HYC NMR (100 MHz, CDGJ): & (ppm) 151.7,
135.8, 131.9, 122.4, 121.8, 118.5, 112.3, 95.2,84).7, 70.4, 70.1, 69.9, 68.8, 50.7,
49.9, 13.2.
HBP2: 0.124 g (yield 61%)"H NMR (400 MHz, CDCJ): J (ppm) 7.5—7.65 (m, ArH),
6.97—7.15 (m, ArH), 4.11-4.29 (m, 4H), 3.45-3.95 (6H), 2.45-2.90 (m, 12H),
1.08 (m, 12H).2*C NMR (100 MHz, CDG)): J (ppm) 151.7, 135.9, 121.9, 118.6,
112.5, 93.4, 84.3, 70.7, 70.3, 70.0, 69.7, 68.8/,500.8, 13.3.
2.9.General procedure for the synthesis of cationicjegated polyelectrolytes (CCPSs)
via quaternization of the neutral polymers

Ethyl bromide (6 mL) was added to 0.1 mmol of tleaitnal polymers dissolved in
10 mL THF at room temperature. After 10 min stigrinsome precipitate was
observed, which was redissolved by addition of 1#a0D. After 5 days, the reaction

mixture was concentrated and then poured into aeeto form a precipitate. After
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stirring for two hours, the collected precipitatasmedissolved with methanol. The
solution was concentrated and poured into acet@anaand the precipitate was
collected and dried at room temperature in vacugsdia the target polymers.
LP2': 0.107 g (yield 74%)'H NMR (400 MHz, CROD): é (ppm) 7.1 (br, ArH),
4.14-4.30 (br, 4H), 3.5-3.95 (m, 16H), 2.55-3.0 {&2H), 1.15 (br, 12H)**C NMR
(100 MHz, CDC}): § (ppm) 151.6, 118.5, 112.4, 84.3, 70.7, 70.3, 76808, 68.2,
60.2, 55.4, 8.3.
HBP1': 0.065 g (yield 79%)'H NMR (400 MHz, CROD): § (ppm) 7.1-7.8 (m,
ArH), 3.2-4.5 (m, 20H), 2.6-3.1 (m, 12H), 1.16 (B2H). **C NMR (100 MHz,
CDCl): ¢ (ppm) 151.6, 135.8, 132.0, 122.5, 121.7, 118.6,5,195.8, 84.1, 70.7,
70.5,70.2, 68.8, 68.2, 60.1, 55.5, 8.4.
HBP2': 0.12 g (yield 82%)*H NMR (400 MHz, CROD): § (ppm) 7.15-7.75 (m,
ArH), 4.15-4.32 (br, 4H), 3.5-4.0 (m, 16H), 2.538(br, 12H), 1.14 (br, 12H}C
NMR (100 MHz, CDCY):  (ppm) 151.7, 135.8, 121.9, 118.5, 112.4, 93.3, 87205,
70.4,70.1, 68.7, 68.1, 60.1, 55.4, 8.3.
3. Results and Discussion
3.1. Synthesis and characterization

The preparation of linear neutral polymers was agdshed via Sonogashira
polymerization of Monomer Aand Monomer B(or A,") [34]. A simple “A, + B, (or
A2) + C3” protocol based on Sonogashira polymerization employed to synthesize
the neutral hyperbranched polymers [22,29].

The synthetic routes for monomers @&nd A’ were shown in Scheme 1. In a basic

13



deprotonation condition, 1,4-dibromo-2,5-hydroquieo was alkylated with 1,
2-bis(2-bromoethoxy)ethane to afford Compound 1,42]L and therMonomer A
was synthesized by refluxing the mixture of Compmbunand excess diethylamine
[42]. Compound 2 was obtained via Sonogashira i@aaf Monomer A with
trimethylsilyl acetylene, which was then stirredlire mixed solution of methanol and
agueous potassium hydroxide to produce MonomérMonomer B was prepared
according to literature procedures [40]. The cdrrettuctures of Monomer A
Monomer A and Monomer B were affirmed by'H NMR and *C NMR

spectroscopy and elemental analysis.

Scheme 1 Synthetic routes for the monomeReagents and conditions: (a) 1,
2-bis(2-bromoethoxy)ethank,CQOs, acetonitrile 70 °C 24 h; (b) (GHs).NH, reflux,
10 h; (c) (CH)sSICCH, (PPB).PdChL, Cul, diisopropylamine, 6 h; (d) KOH,
CH3OH-THF, rt, 1 h.

Scheme 1
o-/Br o\/\z
N—
OH o\/\O/\/ O\/\o/\/
a
BrAG—Br —_— Br@fBr b » BrGBr
HO 00 00
S~
Br—/ 0 \_y_ o
1 ) Monomer A,
\C
o N o\/\z
S~ N— N—
0./ ~0 o\/\O/\/
d 7
= = - Me;Si /N SiMe;
00 o0
\—N\/\O/\/ \_N\/\O/\/
Monomer A;' ) 2

The synthetic routes for the polymers were illusilan Scheme 2. GPC revealed

that the four neutral polymers had close weightaye molecular weights (M

14



ranging from 7250 to 7680 with the polydispersitdices in the range of 1.17-1.42
(Table 1). The solubility of the hyperbranched mn&lupolymers was dominantly
determined by the molar ratio of the branching @itHBP1 and HBP2 with 3% L
(produced in the molar ratios of Monomes:By(or Ay):C3) = 48:52:3) were fully
soluble in common organic solvents, e.g., THF, wiftom, and CHCI,. Further
increasing the contents ofz@ads to a lower yield of soluble polymer due to
crosslinking [22,29]. It was found that the solitilof the hyperbranched neutral
polymers was obviously better than those of thedinneutral polymers. Moreover,
LP1 showed poor solubility in THF and chloroform ilehLP2 showed better

solubility than LP1 most likely due to the muchleg density of side chains in LP2.

Table 1. Characterization of the Neutral Precursory Polygnend Cationic

Conjugated Polyelectrolytes.

Entry GPC Aabs,ma{NM Aem max/NM
M, M, PDI THF HO THF HO

LP1 5350 7600 1.42 395 451

LP2 5450 7250 1.33 417 472

HBP1 5870 7680 1.31 387 445

HBP2 6360 7450 1.17 406 467

LP2’ 339 467
HBP1’ 330 442
HBP2' 333 463

Scheme 2 Synthetic routes for the neutral and cationicypwrs. Reagents and
conditions: (a) Pd(PRJ, Cul, diisopropylamine/toluene, 75 °C, 24 h; (IpHEBr,
THF-H,0, 5 days; (c) Pd(PRR, Cul, diisopropylamine/toluene, 75 °C, 48 h;

15



Scheme 2 5

N
~
o~
00
S~
¢}
a
Monomer A, + :—@{ O = O =,
o}
Monomer B, S~
o LP1
\\ /\/O\/\
J
OR
a b
Monomer A, + Monomer A,' LP2 =
n
RO
LP2'
Monomer B, Br Br . HBP1 b HBP1'
Monomer A, + or + - s or » or
Monomer Ay’ Br HBP2 HBP2'

Monomer C3

[C] €]
R = CH,CH,0CH,CH,OCH,CH,N(CH,CH3)3Br

The structures of the polymers were characterizedHbNMR and **C NMR
spectra. As shown in Fig. 1, all protons on the sidains of HBP1 and HBP2 could
be well assigned, and the single peaks afl..08 were assigned to the signals from
—NCH,CH3— protons, evidently indicating the existence & &mine groups [36, 43].
Moreover, the characteristic proton signals oftilenching units and phenylene units
were observed at = 7.6-7.69, 7.38-7.58 and 7.0-7.18 ppm for HBRH, @ s =
7.5-7.65 and 6.97-7.15 ppm for HBP2. Thus, thergné ratios between the

branching unit and phenylene of these two polynecarsbe approximately estimated

16



from *H NMR spectra, that is about 1:65 for HBP1 and ¥et3HBP2, respectively,
which can roughly reflect the relative amount ofibene unit [22,29]. The CCPs were
synthesized through the postquaternization treatroérnthe neutral polymers with
ethyl bromide in THF-HO solution [36]. However, the quaternization of LiR4s not
achieved perhaps due to the poor solubility in THFthe'H NMR spectra of the
CCPs LP2’, HBP1', and HBPZ2’, nearly all signals radwo the lower field compared
with those of LP2, HBP1, and HBP2, and there weresplit peaks arising from the
guaternized (low field) and unquaternized compasieatearly indicating complete
guaternization of these three neutral polymers43@3]. The solubility for LP2’,
HBP1’, and HBP2' in water (25 °C) was measured &0 & 11 and 20 mg/mL,
respectively. In view of the slight differences time molecular weights of these
WSCPs, it was rational to propose that the exigtesfchyperbranched structure as
well as hydrophilic side chains would improve thater solubility of CPEs.
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Fig. 1. *H NMR spectra of the hyperbranched neutral polynfa)sHBP1 and (b)
HBP2.

3.2.0ptical properties

The UV-vis absorption and PL spectra of the neupralcursory polymers in
dilute THF solution resembled previously reportpedtra of structurally analogous
neutral PPEs (Fig. 2) [36]. The corresponding @ptitata were summarized in Table
1. The absorption and emission maxima of HBP1 vikbweshifted 8 nm and 6 nm,
respectively, as compared with the absorption angsson maximum of LP1. When
comparing the optical data of HBP2 and LP2, we &sod these similar phenomena.
This can be attributed to the introduction of berbranching unit in the structure of
hyperbranched polymers, which interrupted the limesystem and led to reduction in
the effective conjugation length [22]. On the othand, the absorption and emission
maxima of HBP2 were redshifted 19 nm and 22 nnpeetsvely, as compared with

the absorption and emission maximum of HBP1. Tisasdar phenomena were also
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observed while comparing the optical data of LP@ &R1. In view of the higher
density of side chains in the structure of HBP2 BR@, these phenomena should be
ascribed to the nonbonding electron pairs on thgex atoms of side chains, which

contributed to the conjugation of the main chaid &d to increase in the effective

conjugation length [43,44].
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Fig. 2. UV—-vis absorption and PL spectra of the neutadymers (a) LP1 and HBP1,
and (b) LP2 and HBP2 in THF.

The UV-vis absorption and PL spectra of LP2’, HB&id HBP2’ in water were
shown in Fig. 3. In comparison with those of thedutral precursory polymers, the

absorption and emission peaks of all quaternizdghpers presented blue-shifts, and
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the blue-shifts were especially obvious in the sageabsorption. This was likely due
to the mutual repulsion among the positive chargésch resulted in a more twisted
main chain conformation, hence a decreased eftecinjugation length [36]. The
fluorescence quantum vyieldsbd) for LP2’, HBP1' and HBP2' in water were
measured to be 2.479@2.7%. and 6.26%, respectively. HBP2' exhibited a much
higher ®¢ than its linear analogue, LP2’. Moreover, althougBP1’ had a lower
density of hydrophilic side chains than LP2’, is@lpresented a slightly highéx.
Although the®r of these PPEs were lower than those of the liaedrhyperbranched
polyfluorenes reported in a previous study, simiidationships between the structure
and ®r have been found [22]. It was noted tldgt for the three CCPs followed the
same order as their solubility in water. Therefatreyas rational to propose that the
incorporation of hyperbranched structures into @REs can efficiently reduce the
intermolecular aggregation, thus significantly iimyng the fluorescence efficiency

as well as water solubility [20,22].
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Fig. 3. UV-vis absorption and PL spectra of the CCPs LPBP1’, and HBP2' in

water.

3.3.Interactions of the cationic conjugated polyeleltres with DNA

The interactions between dsDNA and the three CCPEee vinvestigated by
probing the PL intensity changes of the CCPs. Tigowoucleotide used in these
experiments was 5-GAA CAT GGC AAG CTG-3'(ssDNA).h& dsDNA was
obtained by hybridization of the ssDNA with its colementary strand, 5’-CAG CTT
GCC ATG TTC-3'(ssDNA). As shown in Fig. 4(a), the maxima and shapagbePL
spectra of LP2' did not change and no new peaksaped, and there was a
substantial decrease in the emission of LP2’ ([1R21.0 x 10° M) upon adding
dsDNA ([dsDNA] = 0 ~ 1.0 x 1& M) in the tris buffer solution (10 mM tris-HCI, 00
mM NaCl, pH = 7.5)The inset of Fig. 4(a) also exhibited that the Rtemsity of
LP2’ obviously dropped after the interaction withDINA. It can be calculated from
Fig. 4(b) that the PL intensity dropped about 2@escent as the concentration of
dsDNA reached 1.0 x FOM. The ammonium groups on the CCPs would be pigrtia
neutralized with the formation of CCP/dsDNA complésading to decreased charge
density and thus a decrease in the intermolecudatrestatic repulsion. Therefore,
LP2’, with the planar and linear main chain of ABE-37], tended to form-stacking
aggregates neé#lne negatively charged dsDNA, leading to self-qhémg [32, 45, 46].
By contrast, such substantial quenching of emissvas not found in the case of
HBP2'. As shown in Fig. 4(c), the PL intensity dpaa less than 7 percent as the
concentration of dsDNA reached 1.0 x®1BI. Similar result was also obtained for

HBP1'. These results can also be explained by idpe\nbranched and rigid globular
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molecular structures of HBP2' and HBP1’, which @#ntly reduce the intra- and
intermolecular aggregation with the addition of 885 thus significantly inhibiting

self-quenching [22,32].
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Figure 4(c)
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Fig. 4. (a) PL spectra of LP2' with the presence of dsCtldifferent concentrations,
[dsDNA] = 0 to 1.0 x 18 M, [LP2] = 1.0 x 10° M, Aex= 339 nm. The inset shows
the fluorescent photos of LP2'/dsDNA solutions whisDNA concentration was 0
and 1.0 x 18 M, respectively. (b) Normalized PL intensity of 2’Ras a function of
dsDNA concentration. (c) PL spectra of HBP2' withe tpresence of dsDNA at
different concentrations, [dSDNA] = 0 to 1.0 XM, [HBP2'] = 1.0 x 10 M, Aex=
333 nm. The inset shows the fluorescent photos BIP2YdsDNA solutions when
dsDNA concentration was 0 and 1.0 x®1M, respectively. Measurements were
performed in the tris buffer solution (10 mM trisSH 100 mM NacCl, pH = 7.5). The

fluorescent photos were taken under a portabledsplwith excitation at 365 nm.

The interactions between dsDNA and the three CCé&=® lso investigated by
using cationic ethidium bromide (EB) as a fluoresqaobe. EB is a dsDNA-specific
intercalator which shows an evident increase inorlscence intensity upon
intercalating into the double helix of dsDNA [47]48lowever, free EB exhibits a
very low fluorescence intensity in buffer solutiddence, the binding properties of

other cationic species to dsDNA can be studied 9iIgguEB as competitor [32,49].
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The electrostatic bindings of the three CCPs we#BMNA/EB complex would lead to
displacement of intercalated EB from dsDNA to th&son due to the electrostatic
repulsion, and this was accompanied by the quegabfireB fluorescence. Thus, the
stability of the CCP/dsDNA complex can be evaluatgdstudying the fluorescence
changes of EB. First, the dsDNA and EB were prenhirethe tris buffer solution (10
mM tris-HCI, 100 mM NaCl pH = 7.5) ([dsDNA] = 1.0 x 1® M, [EB] = 3.0x 10
M), and the CCP was successively added to theigol(JHBP2'] = 0 to 1.0 x 10 M,
[HBP1] = [LP2] = 0 to 1.0 x 1§ M) followed by excitation at the absorption
maximum of EB (480 nm). As shown in Fig. 5(a), Pk intensity of dSDNA/EB
decreased gradually as the concentration of HBR@eased. The decrease of PL
intensity were also observed for HBP1' and LP2’eTitormalized PL intensity of
dsDNA/EB (I/lh) as functions of the CCP concentrations weretihied in Fig. 5(b,
c). It was noted that the linear plots were obtdifier both HBP2' and HBP1’,
whereas an upsloping nonlinear line was observetdP@'. Moreover, the decline of
I/l upon adding HBP2’ exhibited nearly ten times thte rof decline upon adding
HBP1'. Interestingly, although the charge densitiiB8P1’ was much lower than that
of LP2’, the value of g with the addition of HBP1’ decreased more gretithn with
the addition of LP2’. Most importantly, as the sl of the CCP/dsDNA complex
has close relationship with the ratio of positiveige to negative charge, we also
studied the variation of {with molar ratio of amine (on LP2’, HBP1’ and HBP®
phosphate (on dsDNA). The data in Fig. 5(d) shosiedlar trends to those in Fig.

5(b, c), namely, the rate of decline ofyHlso followed the order HBP2' >HBP1'>
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LP2'. All these results indicated that the hypenoteed CPEs HBP2' and HBP1’

bound to dsDNA more efficiently than their linearaéogue LP2'.
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Figure 3(c)
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concentrations. (d) Normalized PL intensity of d90BB as functions of molar ratio
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10® M, [EB] = 3.0x 10’ M, [HBP2'] =0 to 1.0 x 10 M, [HBP1'] = [LP2]=010 1.0

x 10° M, Aex= 480 nm. Measurements were performed in the trifebsolution (10
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mM tris-HCI, 100 mM NacCl, pH = 7.5).

We compared these results with those in a previterature which also studied
the interactions between water-soluble conjugatagflporenes with dendritic side
chains and dsDNA using EB as fluorescent probe. [B&jong three polymers with
the same conjugated backbones, the polymer withesiggeneration of dendritic side
chains, namely, highest charge density, was regpddeform most stable complex
with dsDNA [32]. However, in our cases, the chadgasity of HBP2' was close to
that of LP2’, and for HBP1’, it was even lower theR2’. Hence, in addition to the
charge densities of the CCPs, the state of aggoegatay be the other crucial factor
that influenced the stability of the CCP/dsDNA cdexgs. As discussed above,
compared with HBP2' and HBP1’, LP2' exhibited a ae¥ tendency to form
n-stacking aggregates, which may make the polynmss &ecessible to dsDNA [43,
50], subsequently reduce the binding efficiency kadl to the upsloping nonlinear
line in Fig. 5c. However, as for HBP2' and HBPIhetsingle-molecular globular
architectures with many cavities and with catiogimmonium end groups on
extending side chains, can not only effectivelyvpré the formation of intra- and
intermolecular aggregates, but also may provideatheantages of more chances to
contact dsDNA. According to previous literaturesege molecular configuration
features of hyperbranched CPEs may make them ubkefil molecular carriers for
organic molecules and biomacromolecules in appiinat [20,24,25]. Therfore, as
shown in Scheme 3, we suggested that dsDNA migtdr éhe cavities of highly

branched structure as a guest molecule, whichtessuh more spatial interactions
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and thereby significantly improved the binding digb of hyperbranched
CPE/dsDNA complex.
4. Conclusion

In summary, two structurally analogous water-s@ulblyperbranched PPEs
(HBP1' and HBP2') with different cationic chargend&ies were synthesized by the
simple “A, + B, (or Ay)) + C3” protocol based on Sonogashira polymerizationeilh
linear analogue (LP2’) was also synthesized for mamative investigation. The
optical properties of these CCPs and their cormdipg neutral polymers were
studied by UV-vis and PL spectroscopy. All the 6h@CPs had good water solubility.
In particular, HBP1’ and HBP2’ exhibited obviouslycreased water solubility and
fluorescence quantum vyield compared with that ddirtHinear analogue LPZ2’,
indicating that the introduction of hyperbranchédigures into CPEs is an efficient
way to improve water solubility and fluorescenceampum yield. Moreover, among
these CCPs, HBP2’ with higher content of chargesitignn the two hyperbranched
CPEs showed the best water solubility and the siglleorescence quantum yield.
Studies on the interactions between the three C¥sdsDNA displayed that the
electrostatic bindings of the CCPs with dsDNA/EBngxbex led to displacement of
EB from dsDNA to the solution. HBP2’ formed the rmstable complex with dsDNA,
and interestingly, although the charge density BPH was much lower than that of
LP2’, HBP1' also bound to dsDNA more efficientlyath LP2’. We suggested that
dsDNA might enter the cavities of hyperbrancheddtre, and that the additional

host-guest spatial interactions thereby signifigamproved the binding stability of
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hyperbranched CPE/dsDNA complex. Therefore, thestmwsoluble hyperbranched
PPEs may show great potential in gene deliveryl2N4 biosensor applications.
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Highlights
Two water-soluble hyperbranched poly(phenyleneetleyre)s (PPEs) with
different cationic charge densities were synthekizg the simple “A + B, (or
A7) + C3” protocol, and their linear analogue was also thgsized for
comparative investigation.
Hyperbranched structure helped to improve wateulslaly and fluorescence
quantum yield of conjugated polyelectrolytes.
The hyperbranched PPE with higher cationic chargesitly formed the most
stable complex with double-stranded DNA (dsDNA).
DsDNA might enter the cavities of hyperbranchedigtires to complex with

these PPEs, leading to improved binding stability.



