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ABSTRACT: A facile synthetic route for preparing fluorescent conjugated polymer PPESbeen proposed.
Compared with a commonly used synthetic procedure, not only is the newly developed procedure simplified but
also the dealkylation step with BBis avoided. Therefore, the preparing difficulty and danger are reduced, which

is obviously beneficial to the preparation and application of PPES@ other PPEs with similar structure. Also,

the nonspecific bindings between PPESDd proteins were investigated. Encouraged by the results, a rather
simple but effective sensor system to assay protease activity was developed. This sensor took advantage of the
nonspecific interactions of the ionic conjugated polymers with proteins and the enzyme-catalyzed hydrolysis of
proteins. It was known that bovine serum albumin (BSA) could enhance the fluorescence of PRESE&N

apparent blue shift of the peak emission wavelength. Such phenomena have been successfully utilized to monitor
trypsin and pepsin activities in this study for the first time.

Introduction procedure shown in Scheme Z2AL1617.19.2627A5 for that
scheme, the preparation of 1,4-diiodohydroquinone is a neces-
sary step in which the dealkylation of 1,4-dialkyloxy-2,5-
diiodobenzene by BRyis required. It is well-known that BBr

can violently hydrolyze even in the air; therefore, it is very hard

Fluorescent conjugated polymers (FCPs), e.g. PRias
PPVs, arer-conjugated polymers exhibiting many interesting
and useful properties, such as strong absorption, strong fluo-

rescence, and good conductivitydecause of the “molecular - . o - :
effect’3 highly delocalized excitons or electrons can migrate to co.n.trol and store it. Besides, in this reaction some rigorous
freely and rapidly along the polymer backbone and serve severalcon_dltlons such as anhydrous and .lOW tempera_tuﬁéS( )
fluorophores. Thus, a single quencher molecule can cause genvironment are neede_d,_and a poIsonous gas |s_rt_eleased. Al
superquenching of the entire polymer chéimbich will greatly the above-mentioned will increase the preparing difficulty and
enhance the ability to sense analytes at very low concentration.d2nger. And surely, the relatively low activity of hydroxyls on
Therefore, in recent years, chemo- and biosensors based on thd-4-dilodohydroguinone is of some disadvantage for the instal-

superquenching of conjugated polymers are gaining increasing!ation of specific side groups. In this paper, a new synthetic
attention in many fields such as the assays of metal 5o¥s, route for preparing PPES®as been developed independently.
organic compound;*13-17 and biomolecule&¥ 23 |t is worthy Compared _With the procedure reported by '_I'an et Hithis

to note that the development of new conjugated polymers and "eW route is much simpler and more effective. Not only the

the designs of highly selective sensing systems will remain a Procedure is simplified, but most importantly the preparing
hot area in the future. difficulty, complexity, and danger were greatly reduced by

Our group has been also working on the preparation and avoiding_ the use of _B&_r which will be beneficial to the
application of conjugated polymers with great interest. To our preparauon and application of PPEgS@nd other PPEs with
knowledge, for many materials of this type, the inherent water similar structures.
insolubility resulted from the long, rigid polymer backbone and ~ Proteases play a key role in cell biology and are very
its organic characteristics often makes their applications much important for disease diagnostics and pharmacy. Therefore, it
difficult in many fields, especially in the field of biomolecular ~ will be of great practical significance to develop a rapid and
analysis. Comparatively, PPE$(lso other ionic conjugated  sensitive assay for protease activity. Though biosensors based
polymers known as conjugated polyelectrolytes) featuring on conjugated polymers can lead to high sensitivity, the
charged side groups and subsequently good water solubility hasnonspecific bindings with proteins often make the problem
made it more superior for its two obvious advantages: (1) more complicated. For example, Bazan et al. have demonstrated the
suitable for biosensory systems in aqueous solution; (2) further fluorescence enhancement of PPV-based polyelectrolytes caused
enhanced sensitivity to oppositely charged quenchers. Conseby avidin2® which is somewhat in conflict with the previous
quently, during the past decade, quantitative biosensors basedesults obtained by Chéfi. And as for nonspecific bindings of
on PPES®and its analogues have been successfully developed,conjugated polyelectrolytes with proteins, several groups have
ranging from the detection of sug#ranthrax lethal factof® also published their results. Heeger et3%leported the
proteasé&$ kinase, and phosphatdéeto the monitoring of interactions of a sulfonated PPV with cytochromenyoglobin,
protease activity® However, up to now, almost all PPE-based or lysozyme, giving the results that the fluorescence of their
conjugated polyelectrolytes were prepared according to a polyelectrolyte could be strongly quenched by cytochrame

but to a less extent by lysozyme and by myoglobin. Likewise,

t College of Chemistry. in Bunz’s repor€! lysozyme, histone, myoglobin, and hemo-

* College of Instrument Science & Electrical Engineering. globin could also quench carboxylated PPE effectively, but BSA
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Scheme 1. Synthetic Routes for PPESO
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enhanced the fluorescence due to its surfactant effect. Unfor- Nonspecific Interactions between PPES@and Proteins.
tunately, such phenomena were seldom positively utilized with In Bunz's article3! fluorescence enhancement of carboxylated
the exception that Kim et al. improved the sensitivity in detecting PPE by BSA was reported, but they did not notice any change
Hg?" with PPE-proteins compleX? and certainly, these in emission wavelength. However, as can be seen in Figure 2A
undesired processes will cause interferences in protease assaysbtained by our study, fluorescent changes of our polymer upon
However, if considering conversely, fluorescence changes addition of BSA are very significant. With the increasing of
caused by proteins also provide some possibilities for fabri- BSA concentration, not only the fluorescence quantum yield
cating protease sensors based on the enzyme-catalyzed reagacreases greatly but also an apparent blue shift of maximum
tions, and also its kinetics can be easily studied. Herein, the emission wavelength (from 530 to 457 nm) occurs. When the
nonspecific interactions between PPE®@d proteins have been  BSA concentration is up to 20g/mL, the spectrum shape was
investigated, and the potential for constructing sensitive sen- closely analogous to that of unaggregated PPHEB@ethanol.
sors based on such interactions to assay protease activity ha#t is well-known that the optical properties of conjugated
been demonstrated. Namely, the results that bovine serumpolyelctrolytes are highly sensitive to surfacta#ft3® Our
albumin (BSA) can greatly enhance the fluorescence of PRESO previous work® has also demonstrated that nonionic surfactant
have been successfully utilized to monitor trypsin and pepsin poly(vinylpyrrolidone) (PVP) can cause fluorescent changes of
activities. PPESQ, and they are almost identical to those by BSA.
Therefore, it is believed that these phenomena result mainly
from the surfactant effect of BSA. When BSA was replaced

HZO / AcOH

Results and Discussion

Synthesis of PPES@ A synthetic route developed by us
for preparing PPESfis shown in Scheme 1B. Starting from
hydroquinone, compared with the route (A) proposed by Tan
et al.216 this new route requires only three steps: (1) Under
basic conditions, sulfonated receptors were installed via 1,3-
propane sultone, followed by (2) the electrophilic substitution :
of iodine in a mixture of glacial acetic acid and water to form [ 1s00c
compound2, and (3) PPES®was prepared by palladium- r
catalyzed cross-coupled polymerization with 1,4-diethynylben- [ so00c
zene. By using hydroquinone, the high activity of hydroxyls L
made the installation of sulfonated side groups much easier as J

f—2500C

[—2000C

compared with the use of 1,4-diiodohydroquinone. It was found L
that by stirring at room temperaturerfd h the reaction was
completed, and the yield was over 90%. As for compo&itl
seems that sulfonates will somehow block electrophilic substitu- "~ "% " & e 4o 40 20
tions of iodine. In fact, the relatively long distance has weakened
the attraction to electrons by sulfonates; therefore, the effect of .
alkyloxy still dominates, which favors the formation of para- [ oo
substituted product. In the literature, the solvent used for '
preparing 1,4-dialkyloxy-2,5-diiodobenzene is often glacial
acetic acic?® Considering the solubility of 1,4-di(propyloxysul-
fonate)benzene and the product of interest, water was introduced
into this system in our procedure. Our results show that when
the ratio of glacial acetic acid/water is 4:3, the yield is optimal _
(70%). Figure 1 shows th#d NMR spectra of the intermediate - 1000¢
products 1,4-di(propyloxysulfonate)benzene and 1,4-diiodo-2,5- ;
di(propyloxysulfonate)benzene. And PPESAas finally pre- L F-so00

[—2500¢
[—2000¢

[— 1500¢

pared in a mixture of water, DMF, and diisopropylamide. To
avoid any deactivation of the catalyst, this reaction was carried ——————————————————————— ]
out in a dark room, and a constant pressure funnel was used to s * % @ so 4 s 2 0w
help deoxygen by insulating substrates from solvent at the initial

stage. The final product was collected by centrifugation as light Figure 1. 'H NMR spectra of 1,4-di(propyloxysulfonate)benzene (top)
yellow powder and was characterized by NMR and FTIR. and 1,4-diiodo-2,5-di(propyloxysulfonate)benzene (bottom). CDV
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Figure 2. Normalized fluorescence changes of PPE8@on addition of proteins: (A) BSA, (B) trypsin, and (C) pepsin.
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Figure 3. Normalized fluorescence spectra of PPESBSA complex Time(h)
as a function of trypsin (A) and pepsin (B) concentrations. BSA ) )
concentration is 1Qxg/mL. Figure 4. Fluorescence intensity changes of PPESBSA complex

at 457 nm against time after addition of trypsin (A§YmL) or pepsin

with trypsin or pepsin, different results were obtained though (10 ug/mL). The incubating temperature is 30.

they are both negatively charged proteins under neutral condi-
tions. As shown in Figure 2B,C, trypsin at lower concentration
could increase the polymer fluorescence, while pepsin led to a
“guenching”, but both to a less extent. In our opinion, the
electrostatic repulsion between the polymer and trypsin may
be responsible for the fluorescence enhancement by trypsin, in
which theJ-aggregation of PPESQvas weakened. However,
it was noted that when the trypsin concentration is up to 60
ug/mL or higher, the fluorescence intensity begins to decrease
(data not shown). Though the proper interpretation for fluores-
cence “quenching” is still to be worked out, we suspect that
the polymer is probably heavily coated by these enzymes.
Assay for Protease Activity. Unlike reported in previous
literature where the nonspecific bindings of conjugated poly-
electrolytes with proteins were called “a cautionary téfeih
our study, BSA-induced fluorescence enhancement and blue
shift of PPES@were successfully utilized to monitor the activity
of protease. Our initial expectation was that the fluorescence
could be restored once BSA was fully hydrolyzed. It is well-
known that trypsin can catalyze the hydrolysis of the peptide
bonds by the C side of lysine or arginine in proteins. Figure
3A illustrates the fluorescence spectral changes when adding
trypsin to a mixture of PPES{and BSA (10ug/mL). As can
be seen, the fluorescence intensity decreases gradually and th
spectral band shows a red shift apparently with the increasing
of trypsin concentration, until the spectral shape was almost
identical to that of a complex of PPES@nd trypsin at a
concentration level of 4@&g/mL. As known from the above In this paper, a facile three-step synthetic route for preparing
that trypsin increases the emission of PPEgS®erefore, the fluorescent conjugated polymer PPES@s been proposed. As
efficient fluorescence quenching and gradual red shift can only for installing sulfonated side groups on hydroquinone, it is
be attributed to the hydrolysis of BSA by trypsin. Encouraged much easier when compared to commonly used 1,4-diiod&rH\-/

by these results, pepsin was tested by us as well. And it was
found that the fluorescence band of the PPEESBSA complex
underwent the same changes upon adding pepsin (see Figure
3B) with those upon adding trypsin. Such phenomena have
implied to us that the fluorescence of the PPESBSA
complex is highly sensitive to trypsin and pepsin; therefore, on
the basis of this process one can easily monitor the enzyme-
catalyzed reaction, and of course, the protease activity can be
estimated as well. To further prove the applicability, some
supplemental investigations have also been carried out. As
shown in Figure 4, when trypsin concentration was fixed, the
emission of PPES§-BSA was strongly “quenched” against
time, which revealed directly the high activity of trypsin. On
the other hand, for pepsin only a small reduction in fluorescence
intensity against time is observed, and there is nearly no more
change occurs after 12 h. The reason for this result is mainly
because that pepsin (whose proper pH is about 2.0) will lose
the activity more easily under the neutral conditions. And in
our results, the gradual decrease of slope shown in Figure 4
represents the loss of protease activity. Overall, the highly
sensitive fluorescence changes of the PPESESA complex
caused by protease have provided a general method to monitor
grotease activity, and of course, the kinetics of enzyme-catalyzed
reaction can be easily studied as well.

Conclusions
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droquinone due to the high activity of the hydroxyls. To prepare 2.61 (t, 4H), 4.04 (t, 4H), 7.30 (s, 2H). FTIR{ax cm™?, KBr):
compound, the solubility of the substrates is crucial; therefore, 2975, 2956, 2940, 2923, 1625, 1489, 1464, 1438, 1391, 1353, 1262,
the proper solvent chosen by us has made a key role for thel214, 1179, 1156, 1057, 1031, 937, 850, 812, 795, 739, 625, 553.

success. Finally, PPES@vas prepared in a dark environment ~ PPESQ. This polymer was prepared by a procedure similar to
and was collected by centrifugation. The method proposed here”;at[)ﬁ’\;lcl’:poseg bl)gTarll_et ??_m'xmre |°f 20 mL of Watler, 3;10 mL
is rather simple and effective and certainly will facilitate the © » an mL ot diisopropylaminé were placed in an

. o isobarically funnel which was connected to a Schlenk flask. And
preparation and application of PPES&s well as other PPEs then 1.008 g (1.55 mmol) of monomey 0.189 g (1.50 mmol) of

with similar structure. , 1,4-diethynylbenzene, 52.0 mg (45:Mol) of Pd(PPE)s, and 10.0
Also, the nonspecific interactions between PPESd  mg (45.mol) of Cul were added to the flask rapidly. The whole
proteins were investigated. The results indicate that BSA can system was deoxygenated by a gentle flow of argon for 30 min,
greatly increase the fluorescence of PPES@e to its surfactant  and the solvent mixture was dropped into the reaction flask slowly.

effect, and trypsin can only result in an enhancement to a lessThe final mixture was then stirred at 8& for 20 h. After cooled
extent in which the aggregation of PPES@as weakened by  to room temperature, the resulted solution was slowly added to 1
the electrostatic repulsions. On the contrary, pepsin “quenched” Iﬁrgé';'t?tgzhan:sl/?ﬁ:gﬁe%e/ fﬁt‘;}r rr::j)'(;l;roel (eldoz'lrl]O:Z%(g' n:[‘eo]f"")é:g?/r
the polymer fluorescence weakly. The property that PPESO PI was i : edissolved 1n . - Of W,
high?y );ensitive to BSA has erz/couragedpus yto study on the methanol (70:30), and treated with 0.1 g of sodium sulfide;8Ya

- and then the solution was filtered with quantitative filter paper,
enzyme-catalyzed hydrolysis of BSA. And our subsequent followed by a 16-20 um fritted glass filter. The polymer was

researches have demonstrated that, upon adding trypsin or pepsifsprecipitated by addition to a large volume of methanol/acetone/
with bioactivity to the PPES©-BSA complex, the fluorescence  ether (10:40:50). The upper liquid was carefully removed and the
can be fully restored when BSA was decomposed into smaller resulting mixture was centrifugated to collect PPE$® a light
fragments, which has proved to a certain extent the potential yellow powder. The powder was characterized WithNMR

for constructing highly sensitive biosensors for protease activity (DMSO-Us, Oppm): 2.09 (t, 4H), 2.70 (t, 4H), 4.17 (t, 4H), 7.21 (s,
based on the nonspecific bindings of ionic conjugated polymers 2H), 7.61 (4H). FTIR {max cni*, KBr): 2943, 2878, 1626, 1515,
with proteins. And in our opinion, it may be used as a general 1467, 1413, 1281, 1191, 1049, 1003, 878, 835, 735, 666, 614, 532.
method for more proteases, not just limited to either the polymer
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