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ABSTRACT: Tetraphenylthiophene (TP) with aggregation-enhanced emission
(AEE) property was used as terminal fluorophore of the water-soluble poly(y-
propargyl-L-glutamate) (PPLG)-based polymers of TP-iPPLGs to probe the
relationship between the secondary structure (a-helix) of polypeptides and the
AEE-related emission behavior. Intermolecular aggregation of the terminal TP
unit in TP-iPPLG is sterically blocked by the large a-helical PPLG chains, leading
to the weak AEE-related fluorescence in water. In contrast, the intermolecular
approach between the terminal TP units of TP-iPPLG is accessible if TP was
connected by peptide chin in random coil structure. Therefore, the helix-to-coil
transition induced in the alkaline aqueous solution successfully enhances the
emission intensity of the TP-iPPLG solution. The pH-induced conformation
change in relationship to the AEE-related emission behavior is therefore evaluated
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in this study.

B INTRODUCTION

Synthetic polypeptides are mimics of natural peptides and able
to form stable secondary structures (e.g., a-helix, f-sheets, and
random coil) in solution and solid state.' ™ As the cornerstone
of the three-dimensional architecture of proteins, the a-helical
structure functioned to regulate numerous biological activities.
The unique folding/unfolding property and the rigid rodlike
morphology have made the a-helix the subject of intense study
and buildin4g block in the design of therapeutics and molecular
assemblies.* '3 However, the usefulness of these structures is
limited because of their poor aqueous solubility and
processability. Therefore, interest has been largely focused on
the design and synthesis of water-soluble a-helical polypeptide.
Therefore, charged amino groups'*'® and cyclodextrin'® have
been incorporated with polypeptides as the side chains to
render in the good water solubility. The ultrastable, water-
soluble a-helical polypeptides'* can be produced by elongating
charge-containing amino acid side chains to position the
charges distant from the polypeptide backbone.

As fluorescence (FL) spectroscopy constitutes one of the
most powerful tools to study the aggregation of polymers,
traditional fluorescent probes such as carbazolyl,'” dansyl,'® and
pyrene'® have been chemically incorporated with poly(y-
benzyl-L-glutamate) (PBLG) to monitor the chain conforma-
tions of PBLG in solution. For example, the absence of excimer
emission in the pyrene-labeled poly(ethylene glycol)-b-PBLG"
indicated that the pyrene groups were separated from each
other in the self-assembled structure. A study on triblock
PBLG—polyfluorene—PBLG copolymers®® suggested that
formations of rod—rod—rod and coil—rod—coil conformations
depend on the solvent casting history and the morphological
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variations resulted in different emission and FL decay
behaviors. Study on the fluorophore-labeled PBLG provided
routes for the evaluation of aggregation behavior of the peptide
chains.

Traditional planar fluorophores (e.g., pyrene and anthracene)
are generally weakly emissive in the solid state. In contrast,
noncoplanar silole molecule (1-methyl-1,2,3,4,5-pentaphenylsi-
lole)*"** was found to have strong emission in the aggregated
solution and solid states despite that it is nonemissive in the
dilute solution state. Aggregation-induced emission (AIE) was
therefore designated for this peculiar phenomenon in view that
the originally nonluminescent solution of silole can be tuned to
emit strongly when aggregates formed by nonsolvent inclusion.
Since the first discovery of the silole system, several organic and
polymeric materials®~>® with AIE or aggregation-enhanced
emission (AEE) properties have been prepared and charac-
terized. With chemical structure similar to silole, tetraphenylth-
iophene (TP) and TP-derived organic and polymeric
materials® ' were developed in our lab, and their AIE and
AEE characters were identified. Also, this TP fluorophore was
served as the terminal and central ﬂuoro%)hores of PBLG-based
polymers of TP1PBLG and TP2PBLG,*” respectively, to probe
the relationship between the secondary structure (a-helix) of
polypeptides and the AEE-related fluorescence. Mainly,
intermolecular aggregation of the central TP units in the
disubstituted TP2PBLGs is sterically blocked by the large a-
helical PBLG chains, leading to the reduced AEE-oriented
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Scheme 1. Chemical Structure of TP-iPPLGs and the Feasibility of Intermolecular Aggregation among TP Terminals

Connected by Different Secondary Structures
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emission. By adding trifluoroacetic acid (TFA), the rigid helical
chain of TP2PBLG can be transformed into flexible random
coil structure; therefore, adding TFA largely intensified the
emission intensity of TP2PBLG since intermolecular aggrega-
tion of the TP centers in random-coil chain can be readily
achieved. Comparatively, the terminal TP units in the
monosubstituted TP1PBLGs have no problem in approaching
each other, resulting in strong emission intensity. The
secondary structure of polypeptides is therefore correlated
with the AEE activity.

In contrast to the water-insoluble TP1PBLG and
TP2PBLG,** a new water-soluble polypeptide of TP-iPPLG
(Scheme 1) containing an AEE-active TP terminal and ionic
sulfonate side groups were prepared and characterized in this
study. Instead of the commonléy used organic charged
amino'*"> or P-cyclodextrin (CD)'® side groups, ionic sodium
sulfonate groups were introduced through the facile click
reaction and were used as the side chains of TP-iPPLGs to
deliver the desired water solubility of the peptide polymers.
These ionic TP-iPPLGs provide access to study the influence of
sulfonate side groups on the secondary structure of the peptide
chain, and the relation between AEE-related emission behavior
and secondary structure of peptide chain can be explored.
Theoretically, the AEE-related emission of TP-iPPLG is
strongly correlated to the aggregation tendency of the TP
terminals, which in turn are affected by the steric shielding
imposed by the neighboring peptide chains. It is envisaged that
the two-dimensional a-helical rod, which has diameter larger
than the molecular length of the TP terminal, affords effective
steric shielding on the TP terminals and thus is effective in
preventing intermolecular aggregation of the TP units. In
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contrast, no serious steric shielding effect is expected when TP
terminals are connected by peptide chains in flexible random
coil structure. Readiness of the fluorescent TP units to undergo
intermolecular aggregation will affect the AEE-related emission
behavior. By varying the secondary structure in alkaline
solution, the corresponding helix-to-coil transition occurs to
result in TP-iPPLG with random coil chains; with them mutual
approaches of the TP terminals are accessible, resulting in
enhanced emission with the prevailing AEE effect. The
fluorescence response can then be measured, and the
relationship between AEE-related emission behavior and
secondary structure of the water-soluble polypeptide can be
therefore identified.

B EXPERIMENTAL SECTION

Materials. All reagents and chemicals were purchased from Aldrich
Chemical Co. and used as received. DMF was refluxed and distilled
over CaH, under reduced pressure to a flask containing alumina and
was used directly after distillation. CuBr (98%, Aldrich) was stirred
overnight in acetic acid, filtered, washed with ethanol and diethyl ether,
and dried in vacuo before use. Compounds of TPNH,,** SAES,*!and
y-propargyl-L-glutamate N-carboxyanhydride (PLG-NCA)**** were
prepared according to the reported procedures. Detailed procedures
for the ring-opening polymerization and click reaction (Scheme 2) are
given below.

Ring-Opening Polymerization of N-Carboxyanhydride To
Prepare TP-PPLGs. Preparation of TP-PPLG(L) was used as an
example to illustrate its preparation procedures as follows: a solution
of PLG-NCA (3 g, 14.2 mmol) in anhydrous DMF (20 mL) was
stirred and bubbled with argon gas for 20 min before a solution of
TPNH, (0.03 mL, 0.48 mmol) in anhydrous DMF (S mL) was added.
After stirring for 2 days at room temperature, the polymer was
precipitated from diethyl ether and dried in a vacuum oven. The
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Scheme 2. Ring-Opening Polymerization of PLG-NCA Monomer by a TPNH, Initiator and the Following Click Reaction to

Obtain TP-iPPLG
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syntheses of TP-PPLG(H) was operated by the same procedure but
with different formulation. TP-PPLG(L): 'H NMR (500 MHz,
CD,Cl,): & 8.34 (broad, 1H, Hy), 7.5~7.03 (broad, 19H, H), 4.70 (s,
2H, H,), 3.99 (broad, 1H, H,), 2.62 (broad, 2H, H,), 2.50 (s, 1H, H,),
2.32-2.19 (broad, 2H, Hy) (Figure 2a). *C NMR (125 MHz,
CD,CL): § 177.0, 173.3, 132—128, 78.7, 75.9, 57.3, 52.8, 31.4, 25.8.
(Figure la). TP-PPLG(H): '"H NMR (500 MHz, CD,CL): § 8.21
(broad, 1H, Hy), 7.25-6.9 (broad, 19H, H,), 4.61 (s, 2H, Hy), 3.94
(broad, 1H, H,), 2.61 (broad, 2H, H,), 2.48 (s, 1H, H,), 2.23—2.11
(broad, 2H, H,) (Figure Sla, Supporting Information). *C NMR
(125 MHz, CD,CL): & 177.0, 173.9, 132—128, 782, 75.9, 57.3, 52.8,
314, 25.8 (Figure S2a).

Preparations of TP-iPPLGs by Click Reaction. Preparation of
TP-iPPLG(L) was used as an example to illustrate its preparation
procedures as follows: SAES (0.57 g, 3.29 mmol), TP-PPLG(L) (0.5 g,
2.99 mmol), and CuBr (0.04 g, 0.3 mmol) were dissolved in DMF (20
mL) in a two-neck flask equipped with a magnetic stirrer and a
condenser. After three freeze—thaw—pump cycles, NNN',N”",N"-
pentamethyldiethylenetriamine (PMDETA) (0.063 mL, 0.3 mmol)
was added, and the whole reaction mixture was subjected to another
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cycle of freeze—thaw—pump. The reaction was then performed at S0
°C under argon for 24 h. After cooling to room temperature, the
resultant mixtures were passed through a neutral alumina column to
remove the copper catalysts. The eluent was concentrated by rotary
evaporation before precipitation from diethyl ether. The precipitate
was filtered off and dried under vacuum at room temperature to obtain
the final product. The syntheses of TP-iIPPLG(H) was operated by the
same procedure but with different formulation. TP-iPPLG(L): 'H
NMR (500 MHz, d,-DMSO): § 8.18 (broad, 1H, H;), 8.06 (s, 1H,
H,), 7.48—6.98 (broad, 19H, H, ), 5.08 (s, 2H, Hy), 4.65 (broad, 2H,
H,), 4.57 (broad, 2H, H,), 3.02 (broad, 1H, H,/), 2.31 (broad, 2H,
H.), 1.89—1.74 (broad, 2H, Hy) (Figure 2b). *C NMR (125 MHz,
dg-DMSO): 6 175.0, 173.3, 142.3, 131.1—125.7, 125.3, 67.4, 57.3, 51.6,
46.6,29.7, 26.9. (Figure 1b). TP-PPLG(H): "H NMR (500 MHz, d-
DMSO): 6 8.16 (broad, 1H, Hy), 8.06 (s, 1H, H,), 7.25—6.85 (broad,
19H, Hy), 5.08 (s, 2H, Hy), 4.56 (broad, 2H, Hy), 449 (broad, 2H,
H,), 3.02 (broad, 1H, H,), 2.39—2.23 (broad, 2H, H.), 2.03—1.82
(broad, 2H, Hy) (Figure S1b). *C NMR (125 MHz, d--DMSO): §
175.0, 173.3, 142.3, 131.1-125.7, 125.4, 67.4, 55.1, S1.7, 46.6, 30.3,
26.3 (Figure S2b).
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Figure 1. 3C NMR spectra of (a) TP-PPLG(L) (in CD,Cl, + 15 vol
% TFA) and (b) TP-PPLG(L) (in ds-DMSO).
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Figure 2. "H NMR spectra of (a) TP-PPLG(L) (in CD,Cl, + 15 vol %
TFA) and (b) the protonated TP-iPPLG(L) (in d¢-DMSO).

Measurements. 'H NMR spectra were recorded at room
temperature using a Bruker AM 500 (500 MHz) spectrometer with
tetramethylsilane (TMS) as the external standard. *C CP-MAS NMR
spectra were acquired on a Bruker 14.1 T wide-bore Avance III
spectrometer equipped with a 4 mm double-resonance magic-angle-
spinning (MAS) probe head. The Larmor frequency used for *C
NMR is 150.92 MHz. The samples were spun at 12 kHz. FTIR spectra
were recorded from a Bruker Tensor 27 FTIR spectrophotometer; 32
scans were collected at a spectral resolution of 1 cm™. The solid
polymer powders were mixed with KBr before being pressed to make
pellets for measurement. Mass spectra were obtained from a Bruker
Daltonics Autoflex III MALDI-TOF mass spectrometer and operated
by the following voltage parameters: ion source 1, 19.06 kV; ion source
2, 16.61 kV; lens, 8.78 kV; reflector 1, 21.08 kV; reflector 2, 9.73 kV. A
wide-angle X-ray diffraction (WAXD) pattern was obtained from a
Siemens DS000 X-ray diffractometer with a source of Cu Ka (1'/ 4
0.154 nm) radiation at 40 kV and 30 mA. Diffraction patterns were
collected with a scan rate of 3 s per 0.1° in the 26 ranges of 2°—40°.
The UV—vis absorption spectra were recorded with an Ocean Optics
DT 1000 CE 376 spectrophotometer. The PL emission spectra were
obtained from a LabGuide X350 fluorescence spectrophotometer
using a 450 W Xe lamp as the continuous light source. A small quartz
cell with dimensions 0.2 X 1.0 X 4.5 cm® was used to accommodate
the solution sample. A “right angle” geometry that fluorescence was
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collected at right angle to the excitation beam was used in the spectral
measurement. Solution quantum yield in water was determined by
comparison with a quinine sulfate standard solution (10™* M in 1 N
H,SO,). The integrating sphere was used to measure the quantum
yields of the solid samples. Circular dichroism spectra were recorded
using a JASCO J-810 spectrometer, with sample in deionized water at
a concentration of 10™* M. Chain dimension of the a-helical structure
was calculated from the minimum-energy conformation simulated
from the Materials Studio software.

B RESULTS AND DISCUSSION

Synthesis of Water-Soluble, lonic Polymer of TP-
iPPLG. The water-soluble TP-iPPLG polymers were synthe-
sized according to the procedures illustrated in Scheme 2. The
facile click reaction between azide-functionalized SAES and the
alkyne side groups of TP-PPLG is the key step to generate the
ionic sulfonate side groups of the final TP-iPPLG products.
Primarily, three key reactants including SAES, TP-PPLG, and
the AlE-active initiator of TP-NH, are prerequisite for the
preparation of the desired TP-iPPLG. Two polymeric TP-
PPLGs with low and high MWs were prepared from the ring-
opening polymerization of N-carboxyanhydride monomer of
PLG-NCA by the AlE-active initiator of TP-NH,. The
propargyl side group of TP-PPLG was then “clicked” by the
azide group of SAES, resulting in two products of TP-
iPPLG(L) and TP-iPPLG(H) with relatively low and high
MWs, respectively. Here, the cyclic monomer of PLG-NCA
needed to be prepared from the facile cyclization of propargyl
glutamate (PLG) in the presence of triphosgene while another
key intermediate of TP-NH, was obtained from a two-step
reaction procedure, starting from the initial nitration of TP
followed by reduction of the nitro group to obtain the desired
amino function in TPNH,. The azide-functionalized SAES was
synthesized by a simple substitution reaction between sodium
azide (NaNj;) and SBES. All the intermediate reactant and final
products were carefully identified, and the detailed spectral data
are included in the Supporting Information.

FTIR spectroscopic analysis can be primarily applied to
confirm the success of the click reaction, by which the neutral
TP-PPLG can be converted to ionic TP-iPPLG. FTIR spectra
revealed the complete disappearance of the characteristic
signals for the azide and acetylene groups (Figure 3). The
signals at 2130 cm™’, representing the alkyne group of TP-
PPLG(L), and 210S cm™, representing the azide group of
SAES, were absent in the spectrum of TP-iIPPLG(L). A signal

N3

SAES N

TP-PPLG(L)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1)

Figure 3. Solid FTIR spectra of SAES, TP-PPLG(L), and TP-
iPPLG(L).
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Table 1. Molecular Weights of TP-PPLG and TP-iPPLG Species Determined from MALDI-TOF and 'H NMR Spectroscopies

from MALDI-TOF*

M M,*
TPPPLG(L) 2900 (+3%) 3050 (+1%)
TPPPLG(H) 4490 (+£1%) 4840 (+2%)

TP-iPPLG(L)
TP-iPPLG(H)

from '"H NMR
PDI* N® M, N
1.05 17 3480 (+4%) 20
1.08 27 5170 (x1%) 31
7020 (£3%) 20
10370 (+1%) 30

“M, = number-average molecular weight, M,, = weight-average molecular weight, PDI = polydispersity. N = number of repeat units.

for the amide I groups of the TP-PPLG(L) at 1660 cm™" also
appeared in the spectrum of TP-iPPLG(L). The well-defined
structures of the neutral TP-PPLGs were confirmed in the
corresponding MALDI-TOF MS spectra (Figure S4), which
revealed only one apparent distribution for both TP-PPLG(L)
and TP-PPLG(H). Unfortunately, no MS peaks can be resolved
from the ionic TP-iPPLG polymers because the difficulty to
find appropriate matrix to overcome the strong electrostatic
interaction forces among the sulfonate pendant groups of the
ionic polymers. The MWs of the neutral TP-PPLG species
from the MALDI-TOF analysis are listed in Table 1, which
indicates that number (N) of the repeat unit in the low- and
high-MW TP-PPLG(L) and TP-PPLG(H) are 17 and 27,
respectively. To unambiguously determine the MWs of the
ionic TP-iPPLG(L) and TP-iPPLG(H) polymers, *C and 'H
NMR spectroscopies were further applied.

Figure 1 presents the *C NMR spectra of TP-PPLG(L) and
TP-iPPLG(L). The *C NMR spectrum of TP-PPLG(L) in
CD,Cl,/TFA (Figure la) revealed signals for the ester C=0
[C4] and amide C=O carbon [C,] atoms at 177 and 173.3
ppm, respectively, whereas those of the alkyne carbon [C, and
C,] atoms appeared at the respective positions of 75.9 and 78.7
ppm. The signals for the amino acid a-carbon atoms (C,)
appeared at 52.8 ppm. For TP-iPPLG(L) (Figure 1b), the ester
C=O0 carbon [C,], the amide C=O carbon [C, ] and the
amino acid a-carbon (Cg/) atoms resonated at positions in close
vicinities of those in the spectrum of TP-iIPPLG(L). However,
the resonances of the two carbon atoms [C, and C,] of the
triazole ring appeared at 142.3 and 125.3 ppm. No signal of the
alkyne carbons (C, and C, in Figure la) can be detected in
Figure 1b, indicating the completeness of the click reaction. In
addition, before click reaction the signal for the carbon (C,
Figure 1la) neighboring to alkyne appeared at 57.3 ppm; after
click reaction this signal shifted considerably to 67.4 ppm (H.
in Figure 1b). Results from the '*C NMR spectra indicated that
click reaction carried out successfully to result in quantitative
transformation from alkyne to triazole ring with sulfonate
function.

Initially, MWSs of TP-iPPLGs cannot be determined from the
'"H NMR spectra because no phenyl proton signal of TP
terminal is present in the spectra of TP-iPPLGs in D,0. The
TP terminals buried in the ionic aggregates of TP-iPPLG
polymers are supposed to be inert to the stimuli of external
magnetic field; thereby, acidic HCI was used to dissociate the
ionic interaction, and as expected, the resulting protonated TP-
iPPLG showed the resolvable aromatic resonances of the TP
units. Figure 2 presents the 'H NMR spectra of TP-PPLG(L)
and the protonated TP-iPPLG(L) dissolved in CD,Cl,/
trifluoroacetic acid (TFA, 15 vol %) and ds-DMSO,
respectively. For TP-PPLG(L), the aromatic protons of the
TP initiator resonated as multiplets (Hg in Figure 2a) in the
range from 7.03 to 7.5 ppm. The signal for the amide protons
[H] of TP-PPLG(L) appeared as a singlet at 8.34 ppm; the
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singlet at 2.50 ppm corresponded to the alkyne protons [H,].
The resonance peaks of side-chain alkyl CH, protons (H. and
H,) appeared upfield as multiplets between 2.0 and 2.7 ppm.
The resonance of the main-chain alkyl CH protons [H.]
appeared as a singlet at 3.99 ppm, which became the resonance
peak of TP-iPPLG(L) at 3.02 ppm (H, in Figure 2b) in d¢-
DMSO. For TP-iPPLG(L), the resonance at 8.06 ppm was due
to the protons [H,] in the triazole structure resulting from the
click reaction, which confirms the successful synthesis of TP-
iPPLG(L). For TP-PPLG(L), the signal of the CH, [H,]
neighboring to acetylene group was located at 4.7 ppm (Figure
2a), and it shifted downfield significantly to 5.08 ppm (H, in
Figure 2b) for TP-iPPLG(L). The peak area ratio between
proton Hy, and the aromatic protons H, can be used to
calculate the number-average MW (M,) of TP-iIPPLG(L). The
same calculation can be made on TP-iPPLG(H) (Figure S1b),
too, and the results listed in Table 1 indicate good correlation
between the number (N) of repeat unit of TP-PPLGs and TP-
iPPLGs.

Conformational Transformation from the Solid TP-
PPLG to the Solid TP-iPPLG. The conformations of the TP-
PPLG and TP-iPPLG solids can be evaluated by analyzing the
amide absorptions in their FTIR spectra (Figure 4). Analysis of

(C) TP-PPLG(H)

(a) TrPPLG(L)

]
i~

(b) TP-iPPLG(L)

L B | LA D L | T LN DL B L LA LA |
1800 1750 1700 1650 1600 1550 1500 1800 1750 1700 1650 1600 1550 1500
Wavenumber (cm'1)

Figure 4. FTIR spectra of (a) TP-PPLG(L), (b) TP-PPLG(L), (c)
TP-PPLG(H), and (d) TP-iPPLG(H).

these spectra using the second-derivative technique revealed
that the amide I band at 1655 cm™" was characteristic of a-
helical secondary structure while for polypeptides possessing a
f-sheet conformation, the amide I band was located at 1627
cm™". Random coil or turn populations were characterized by a
signal at 1693 cm™', and the free C=O unit of the side chain
group of PPLG provided a signal at 1740 cm™". The spectra in

dx.doi.org/10.1021/ma500886v | Macromolecules 2014, 47, 4037—4047
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Table 2. Secondary Structures of TP-PPLG and TP-iPPLG Species Determined from Infrared Spectroscopy

random coil a-helix [-sheet
sample v (em™) As (%) v (em™) A¢ (%) v (em™) As (%)
TP-PPLG(L) 1691 10.6 (+0.2) 1656 62.7 (+0.2) 1623 26.7 (+0.1)
TP-PPLG(H) 1691 8.7 (+0.1) 1655 80.9 (+0.1) 1623 104 (£0.2)
TP-iPPLG(L) 1691 8.8 (x0.1) 1655 80 (+0.1) 1625 11.2 (+0.1)
TP-iPPLG(H) 1691 5.6 (+0.2) 1655 88.2 (+0.1) 1625 6.2 (x0.1)

the range from 1500 to 1800 cm™" were then deconvoluted into
a series of Gaussian curves to quantify the fraction of each of
the peaks. Table 2 summarizes our results obtained from curve
fitting of the amide I group for the random coil, a-helical, and
P-sheet structures. The result suggested that increasing MW of
the peptide chains tends to promote the rigid a-helical
secondary structure. Therefore, high-MW TP-PPLG(H) and
TP-iPPLG(H) contain more fractions of a-helical structures
than the low-MW analogues of TP-PPLG(L) and TP-
iPPLG(L), respectively. This result is similar to the finding
reported by Papadopoulos et al. for PBLG.*® Besides the MW
effect, the ionic pendant groups of TP-iPPLGs are also
beneficial for the formation of a-helical chain. Therefore, the
ionic TP-iPPLGs always have higher fraction of a-helical
secondary structure than their neutral precursors of TP-PPLGs.
It may be envisaged that the a-helical conformation possesses
long intrachain distance between the neighboring ionic side
groups; thus, electrostatic repulsion forces can be reduced in
the a-helical conformation of TP-iPPLG(L) and TP-iPPLG-

Figure $ displays the '*C CP/MAS spectra of TP-PPLGs and
TP-iPPLGs. The different *C chemical shifts of the C, and

ol Tl
.

175 150 125 75 50 25 0 175 150 125 75 50 25 0

Chemical Shift (ppm)

Figure 5. Solid state *C NMR spectra of (a) TP-PPLG(L), (b) TP-
iPPLG(L), (c) TP-PPLG(H), and (d) TP-PPLG(H).

amide C=O carbon atom nuclei relate to the local
conformations of the individual amino acid residues, charac-
terized by their dihedral an §les and types of intermolecular and
intramolecular H-bonds.>**’ In the case of TP-PPLGs, the a-
helical secondary structure was characterized by the signals of
the C, and amide C=0O resonances appeared at 57.5 and 176
ppm, respectively. In the f-sheet conformation, these signals
were shifted upfield, b3y approximately 4—5 ppm, to 52.7 and
172 ppm, respectively.” The overlapped C=0O absorptions in
the range from 167 to 181 ppm can be used to evaluate the
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relative fraction of a-helical and fS-sheet structures; clearly, the
ionic TP-PPLGs polymers contain higher fraction of a-helical
secondary structure than the neutral TP-iPPLGs. The result
coincides with the finding from the FTIR spectra.

Figure 6 displays the WAXD patterns of TP-PPLGs and TP-
iPPLGs recorded at room temperature; these diffraction

a-he\fx (c)
31/2 2
\
o-helix
(b) (d)
3\1/2/2 312 2
\
015 110 115 2.0 0[5 110 1[5 2.0
gAT)

Figure 6. WAXD patterns (recorded at room temperature) of (a) TP-
PPLG(L), (b) TP-iPPLG(L), (c) TP-PPLG(H), and (d) TP-
iPPLG(H).

patterns exhibit certain differences relative to the content of
the secondary structure. For TP-PPLG(L) containing certain
fractions of f-sheet chain (cf. Table 2), the sharp peak at g of
1.34 (d = 0.468 nm, the intermolecular distance between
adjacent peptide chains within one lamella) was clearly visible
(Figure 6a). This result is different from that obtained for TP-
PPLG(H) (Figure 6c). The corresponding diffraction at q =
1.34 became inseparate from the amorphous background due
to the low content of fB-sheet structure. For TP-PPLG(L) and
TP-PPLG(H), the three reflections at higher angles, with
positions 1:3'/%:4'/2 relative to the primary peak (¢q*), are due
to the (10), (11), and (20) reflections of a 2D hexagonal
cylindrical packing com}s)osed of 18/5 a-helices with a cylinder
distance of 1.18 nm.” The structure of PPLG has been
described as a nematic-like paracrystal with a periodic packing
of a-helices in the direction lateral to the chain axis. The broad
amorphous region at q = 1.54 is mainly due to the long
amorphous side chain group in TP-PPLG. After the click
reactions, the ionic TP-iPPLGs contain mainly the a-helical
secondary structure; therefore, the WAXD spectra of TP-
iPPLG(L) and TP-iPPLG(H) (Figure 6b,d) indicate the
presence of three reflections, at positions 131/ 2412 relative
to the primary peak diffracted at g = 0.25, which correspond to
a 2D hexagonal cylindrical packing with a cylinder distance of
2.51 nm.

Figures 7a and 7b provide a schematic depiction of the a-
helical conformation and cylindrical organization of the TP-
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(a)

Il
TP-iPPLG

Figure 7. a-Helical rods (upper) and the simulated chain arrangements (lower) of TP-PPLG and TP-iPPLG.

PPLG and TP-iPPLG, respectively. The arrangement of the a-
helical conformation for TP-PPLG can be represented by the
2D hexagonal packing (Figure 7a) with a cylinder distance of
1.18 nm, as calculated from the WAXD data, with a
characteristic spacing close to the reported value of PPLG.*
Similar hexagonal packing of cylinders was expected for TP-
iPPLG (Figure 7b); however, the cylinder distance for TP-
iPPLG is 2.51 nm, as evaluated from a g value of 0.25 according
to the WAXD diffraction peak. The observed spacing was close
to the thickness (2.5 nm) expected for the repeated packing of
a TP-iPPLG bilayer structure, as estimated from the sum of
twice the ionic group length (2 X 0.66 nm = 1.32 nm)'® and
the cylinder distance of (1.18 nm) of TP-PPLG (1.32 + 1.18 =
2.5 nm).

Emission Behavior of the TP-iPPLG Polymers. As the
main focus of this study, the AEE-related emission behavior was
characterized by the solution emission responses toward
concentration and aggregation. Effect of concentration was
primarily emphasized by the unnormalized solution emission
spectra of TP-iPPLGs in water (Figure 8), which exhibited the
continuous accession of the emission intensity with increasing
concentration. In contrast to the emission quenching caused by
solution thickening, solutions of TP-iPPLGs become more
emissive with increasing concentration. When concentrations of
TP-iPPLG(L) and TP-iPPLG(H) in water were increased from
1075 to 1073 M, more than 10-fold emission enhancements
were observed. More drastic emission enhancements were
observed in the spectra of the solid samples, which are
correlated with the fact that molecular motions are seriously
retarded in the solid state. In the solution and solid sates,
emissions of the low-MW TP-iPPLG(L) are all higher in
intensity than those of the high-MW TP-iPPLG(H) under the
same experimental conditions. As suggested above, the rigid a-
helical chain is effective in preventing the intermolecular
aggregation of the TP terminals; with higher fraction of a-
helical chain, the TP-iPPLG(H) polymer therefore emitted
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Figure 8. (a) Concentration effect on the PL emission spectra of (a)
TP-iPPLG(L) and (b) TP-iPPLG(H) solutions and solids (1., = 325
nm).

with lower intensity than the TP-iPPLG(L) polymer with lower
fraction of a-helical chain.
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All emission spectra in Figure 8 consist of two overlapping
bands, with the short-wavelength monomer emission at 420 nm
and the long-wavelength aggregate emission shown as the right
shoulder of the monomer emission. The aggregate emission
became significant for the solid polymers, which is conceivable
in considering the feasible intermolecular aggregations of the
TP terminals in the condensed solid states. Comparatively, the
solid TP-iPPLG(L) emits with higher intensity than the high-
MW TP-iPPLG(H), which can be further certified from the
respective @ values of 0.29 and 0.23 measured from
integrating sphere. With higher content of fluorescent TP
unit, TP-iPPLG(L) therefore emits more efficiently than TP-
iPPLG(H) with lower TP content. The relative intensity
between the aggregate and the monomer emissions is also an
index for the intermolecular aggregation of the TP units in TP-
iPPLG(L) and TP-iPPLG(H). The solid emission spectrum of
TP-iPPLG(H) (Figure 8b) reveals a higher aggregate/
monomer emission ratio than the spectrum of TP-iPPLG(L)
(Figure 8a). As concluded above, intermolecular aggregation of
TP terminals is more effectively blocked when they are linked
to the large a-helical rod; therefore, with less fraction of a-
helical chain TP-iPPLG(L) therefore emits with lower
aggregate/monomer ratio than TP-iPPLG(H) with higher
fraction of a-helix.

Aggregates formed in solvent/nonsolvent can be used to
identify the AEE effect; here, DMF was used as nonsolvent to
induce aggregation of TP-iPPLGs in water. Upon excitation at
325 nm, dilute aqueous solutions (107" M) of TP-iPPLGs
already emitted with discernible intensity (Figure 9), and
increasing DMF in the solution (while keeping concentration
of TP-iPPLGs at 10™* M) caused little but progressive gain on
the emission intensity. Upon increasing concentration of TP-
iPPLGs, the monomer emission peak progressively shifted to
higher wavelengths. Suggestively, the fluorescent TP unit may
adopt a more planar geometry with increasing steric constraint
imposed by aggregates formed in the solutions. The emission
spectra in Figure 9 indicated that both TP-iPPLG(L) and TP-
iPPLG(H) are AEE-active materials.

The a-helix of poly(L-glutamic acid) species were reported to
undergo a helix-to-coil transition at pH value of 6.18.3** A
similar transition was observed in f-CD-grafted PPLG,'¢
however, at a higher pH range in between 11 and 11.5 due
to the steric hindrance or the stable helical structure inherited
by the p-CD grafts. For TP-iPPLGs, similar conformational
transformation induced in the highly alkaline solution was
expected to vary the AlE-related emission behavior due to
different aggregation states accompanied by conformational
change. Indeed, the aqueous TP-iPPLG(L) showed a
progressive transformation on the emission peaks upon
increasing pHs from 7 to 13.3 (Figure 10). Emission spectra
of the aqueous TP-iPPLG(L) at pH 2 and 7 are essentially the
same; however, when NaOH was gradually added to the
aqueous TP-iPPLG(L) solution, the initial monomer emission
was continuously transformed into a major aggregate emission.
Among all, the major transformation occurred at a pH value
somewhere between pH 11 and pH 13.3. At pH 13.3, the TP-
iPPLG(L) solution emitted with a large aggregate emission,
whose intensity is almost 3-fold to the intensity obtained at pH
7. In highly alkaline solution, the main chain of TP-iPPLG(L)
underwent a helix-to-coil transformation, and once again, the
easy intermolecular aggregation of TP terminals in the random
coil chains was responsible for the highly fluorescent
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Figure 9. Emission spectra of (a) TP-iPPLG(L) and (b) TP-
iPPLG(H) in water/DMF mixtures of different compositions (1,
325 nm).
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Figure 10. PL emission spectra of the aqueous TP-iPPLG(L)
solutions with different pH values (4., = 325 nm).

aggregation emission observed in the spectra. The correspond-
ing conformational transformation was characterized next.
Conformational Transformation of the TP-iPPLG(L)
Polymer in Water. We recorded circular dichroism spectra to
characterize the conformational transformation of the water-
soluble TP-iPPLG(L) polymer in alkaline aqueous solution.
The a-helical structure was characterized by a triply inflected
spectrum, corresponding to two negative bands at 208 and 222
nm and a strong positive band at 192 nm. The f-sheet structure
was characterized by a negative minimum band near 218 nm
and a positive maximum near 198 nm. The random coil
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structure was characterized by a small 3positive band at 218 nm
and a negative band near 200 nm.” The fourth principal
structure of the Cyhelix (ie, a repetitive H-bonded ring
containing 10 atoms)*! possesses a tighter, more elongated, and
higher potential energy than the a-helix structure (C,;-helix).
Nevertheless, the Cy-helix was characterized by a small positive
band at 195 nm, with a smaller intensity and a much lower
ellipticity ratio ([6],5,/[0],05) than that of the a-helix.**
Next, we tested the effect of pH on the conformation of TP-
iPPLG(L). The circular dichroism spectra in Figure 11 display

TP-PPLG(L) (107*M)
——PH=2

——PH=7 ——PH=12
——PH=8 ——PH=13
——PH=9 ——PH=13.1
——PH=10 ——PH=13.2
—— PH=11 ——PH=13.3

Ellipicity (mdeg)

T T T T
210 220 230 240

Wavelength (nm)

T
200

190

250

Figure 11. Effect of pH on the circular dichroism spectrum of TP-
iPPLG(L) in NaOH solution.

the pH-induced conformational changes of the TP-iPPLG(L)
solutions. By increasing the basicity of the solution from pH 7
to 11, we observed a slight variation on the ratio [0]5,/[0]0s
indicating that there are only minor conformational change
involved in this pH range. The polymer chains should remain
as a helical mixture of a-helix and C,yhelix structures.
Nevertheless, the major conformational transformation oc-
curred in highly alkaline solutions with pH > 12; at this stage,
the triply inflected spectrum reduced to a doubly inflected
dichroic spectrum. The a-helix of the TP-iPPLG(L) polymer
was converted to a random coil conformation by the alkaline
NaOH. The intramolecular H-bonds involved in the a-helical
chains were dissociated in the highly alkaline environment.
The conformational change in the alkaline solution is
therefore correlated with the AEE-related emission behavior,
which is closely associated with the extent of molecular
approaches (aggregation) of the TP fluorophores in TP-iPPLG.
The geometrical factor affecting the extent of intermolecular
aggregation was conceptually depicted in Scheme 1. In the
solution state, the TP fluorophores with a molecular width of 9
A can be more effectively isolated from other TP units if they
are connected to a large a-helical chain with a diameter of 25 A
(the diameters of the a-helix are in the ranges of 15—26
A®™) than those in the flexible random coil or in the f3-sheet
chains. In acidic and neutral solutions (from pH 2 to pH 7), the
TP-iPPLG chains mainly existed in the large a-helical
conformation. The TP terminal in the large a-helical chains
are more isolate from other TP terminals, resulting in the
monomer emission with low emission intensity. In contrast, the
TP-iPPLG(L) chains transformed into the flexible random coil
structure in the alkaline solution. The TP terminals in the
random coil conformation underwent easy intermolecular
association, resulting in the major aggregate emission with
the intensity much higher than those in the acidic and neutral
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solutions. Effect of chain conformation on the AEE-related
emission behavior is thus verified.

With the ionic pendant group, the present TP-iPPLG system
exhibits the helix-to-random coil transformation in alkaline
solution. However, the previous system of TP-2PBLG>* was
reported to proceed this conformational transformation at
acidic environment (pH = 2 in THF—H,O (v/v = 1/9)). For
the neutral TP-2PBLG, acidic species added in the solution
tend to penetrate into the peptide chain, dissociating the
intramolecular H bonds dominant in the a-helical structure of
TP-2PBLG, to result in random-coil chains. But for the present
TP-iPPLG, the ionic sulfonate pendant groups greatly enhance
the stability of the a-helical chains in the acid media. The ionic
sulfonate groups are considered to serve as efficient electro-
static shields, protecting the interior peptide chains from the
attacks of the acidic species. In strong acidic media, the
sulfonate pendant groups may just be protonated to result in
sulfonic acid groups with sustained stability in the acid media.

The quantum efficiencies (®ps) of the aqueous solutions
(107* M) (Table 3) at different pH values are in the ranges

Table 3. Quantum Efficiency (®;) Measured from the
Solution” at Different pHs

TP-iPPLG(L) solution (10~* M)
pH 7-11 12 13 13.1 132 13.3
D (%) 7 6.8 8.7 12.7 14.2 18.7

“Quantum yield, obtained by using quinine sulfate as refer ence
standard (10™* M in 1 N H,SO,).

from 0.07 to 0.187. As common dye for biomaterials,
fluorescein and rodamine 101 have extremely high ®gs of
0.95 (in aqueous 0.1 M NaOH solution, pH = 13) and 1.0 (in
ethanol),* respectively. The weak solution emission efficiency
of TP-iPPLG(L) is typical of AlE-active materials since free
molecular rotation in the mobile solution state activates the
nonradiative decay pathways, resulting in the weak solution
emission.

TP-iPPLG(L) as Sensor for Bovine Serum Albumin.
Among varieties of serum albumin, bovine serum albumin
(BSA)* is the most studied one in the biochemistry or
biomedical science due to its structural similarity with human
serum albumin (HSA).*® As a large globular protein (66 kDa)
consisting of 583 amino acid residues in a single polypeptide
chain, BSA was often used as a binding material with certain
dyes and probes, which provides fluorescence for the study of
binding mechanisms.*’

With the inferior quantum efficiency, TP-iPPLG(L) can still
be used as probe for detecting BSA. In this case, when BSA was
added to the alkaline (pH = 13.3) solution of TP-iPPLG(L),
emission of the solution mixtures became weaker (Figure 12)
with increasing BSA content from 0 to S mg/mL.
Comparatively, the long-wavelength aggregate emission exhibits
more drastic intensity reduction compared to the monomer
emission at short-wavelength region. Suggestively, intermolec-
ular aggregation of the TP terminals is largely hampered,
rendering in the reduced aggregate emission, when the TP-
iPPLG(L) chains bind to the large protein chains of BSA. The
random coil chain, as the main structure of TP-iPPLG(L) in
the alkaline solution, preferably binds to BSA, resulting in stable
homogeneous solution for measurement. In contrast, no such
measurement is possible for the acidic and neutral TP-iPPLG
solutions because in this case adding BSA caused immediate
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Figure 12. Emission spectra of the alkaline TP-iPPLG(L) solution
(107* M, pH = 13.3) at different amounts of BSA from 0 to S mg/mL
(Aex = 325 nm).

precipitation of the reaction products. Water-insoluble products
were thus produced when BSA reacted to TP-iPPLG(L) chains
in the rigid a-helix or B-sheet structures.

B CONCLUSIONS

A new series of water-soluble TP-iPPLG polymers containing
an AEE-active fluorescent terminal and ionic side groups can be
successfully prepared from a two-step reaction scheme,
including the ring-opening polymerization of PLG-NCA
monomer, initiated by an AlIE-active initiator of TP-NH,, to
generate the neutral TP-PPLG and the following click reaction
on TP-PPLG to introduce the desired ionic pendant groups.
The TP-iPPLG polymers are AEE-active materials according to
the emission behavior in H,O/DMF solution mixtures.

Ionic pendant group and MW of the polypeptides are found
to affect the secondary structure of the resulting peptide chain.
The ionic sulfonate pendant group in TP-iPPLGs enhances the
content of the a-helical structure when compared to the neutral
precursors of TP-PPLGs. With higher MW, solid TP-
iPPLG(H) also possesses higher fraction of a-helical chains
as compared to low-MW TP-iPPLG(L). Since a-helical chains
are efficient in blocking the intermolecular aggregation of the
TP units, the emission spectrum of solid TP-iPPLG(H)
therefore contains less aggregate to monomer emission ratio
as compared to TP-iPPLG(L) with lower a-helix content.

The ionic sulfonate pendant groups of TP-iPPLG protect the
peptide main chain from attacking of the acidic species.
Therefore, TP-iPPLGs are rather stable in acidic media;
however, the stable a-helical structures are transformed into
random coil chains in the highly alkaline solution. Emission of
the alkaline TP-iPPLG solution contains a large aggregate
emission with the intensity much higher than the emission in
the acidic and neutral media. Effect of secondary structure on
the AEE-activity was therefore demonstrated. The alkaline
solution of TP-iPPLG(L) can be a probe for the detection of
BSA, and the corresponding emission spectra exhibit the large
reduction of the aggregate emission with increasing dosage of
BSA in the solution.
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