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ABSTRACT: In this study, we used one-pot A2 + B3 polymer-
izations to synthesize two aliphatic + alicyclic polymer dots (PDs)
having non-conjugated hyperbranched structures, employing two
types of dianhydrides as the A2 components, possessing bridged
bicyclic alkene (PD-BT) and non-alkene (PD-ET) units, and
Jeffamine T403 polyetheramine (T403) as the B3 components. We
prepared PD-ET from commercially available ethylenediaminete-
traacetic dianhydride (EDTAD, A2) and T403 (B3) and PD-BT
from bicyclo[2.2.2]oct-7-ene-2,3,5,6-tetracarboxylic dianhydride
(BCDA, A2) and T403 (B3). These two types of PDs possessed
non-conjugated hyperbranched poly(amic acid) structures with
terminal amino functional groups. PD-BT and PD-ET exhibited non-conventional fluorescence with emissions at 435 and 438 nm,
respectively, and quantum yields of 12.8 and 14.0%, respectively. The fluorescence intensity of PD-ET was influenced by the pH, but
PD-BT was less affected because of its rigid aliphatic bridged bicyclic structure. In aqueous solutions, the sizes of the PD-BT and PD-
ET nanoparticles were 3−5 nm, and their net charges can be adjusted by varying the pH. These PDs were non-cytotoxic toward
human MCF-7 breast cancer cells and human keratinocyte HaCaT cells at concentrations of 50 μg mL−1 for PD-BT and 500 μg
mL−1 for PD-ET. Confocal microscopic bioimaging revealed that the PDs were located within the cells after treatment for 6 h. These
PDs were easy to prepare, highly water-soluble, and possessed a large number of peripheral functional groups for further
modification. Combined with their non-conventional fluorescence, they appear to have potential uses in bioimaging and as drug-
labeling carriers.

1. INTRODUCTION

Fluorescent carbon nanomaterials (e.g., carbon dots) having
high water dispersibility and sizes below 10 nm have been
applied biomedically as drug carriers, as diagnostic and
therapeutic biomedical tools, and in bioimaging.1−7 According
to their carbon nanostructures, carbon dots can be divided into
three groups: graphene quantum dots, carbon nanodots, and
polymer dots (PDs).4,5,8 PDs have been prepared previously
from non-conventional fluorescent polymers featuring non-
conjugated aliphatic chromophores (containing N, O, S, and P
atoms) and triple or double bonds (e.g., CO and C
N).9−14 The mechanisms through which non-conventional
fluorescent polymers generate stable fluorescence appear to be
cluster-triggered emission (CTE) and aggregation-induced
emission (AIE),15−18 where the lone pairs of electrons and
the π-orbitals of the aliphatic moieties produce non-photo-
bleaching fluorescent effects.12,13 These non-conventional
fluorescent polymers can be classified as PDs when their
particle sizes are on the nanoscale in aqueous surroundings.19

In addition, Zhu et al. suggested that PDs could be divided
into conjugated and non-conjugated PDs according to the

nature of their π-conjugated systems and fluorophores.12 In a
previous study, we prepared non-conjugated fluorescent
hyperbranched PDs that were fully water-soluble and exhibited
fluorescence quantum yields (QYs) as high as 23% (Em: 395
nm); these entirely aliphatic structures, which had N atoms as
their points of branching and an abundance of CO
functional groups, displayed non-conventional fluores-
cence.13,20

Non-conventional fluorescent polymers have been known
for several years; they include poly(amido amine) (PAMAM),
poly(ethylene diamine) (PEI), and poly[(maleic anhydride)−
alt−(vinyl acetate)] (PMV).15 Zhu et al. have synthesized
hyperbranched (hb) and linear (l) aliphatic PAMAMs, both of
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which produced blue fluorescence (450 nm) upon excitation at
380 nm. The fluorescence intensity of l-PAMAM was stronger
than that of hp-PAMAM in dilute solutions, which is the result
of different interactions between the amido and amino groups
in the intra- and interchain clusters. Nevertheless, both of these
PAMAMs displayed fluorescence as a result of AIE.21 Stiriba et
al. prepared fluorescent hyperbranched and linear aliphatic
PEIs that did not feature any conventional fluorescent
chromophores; methylation and oxidation of the amino groups
of the PEIs enhanced the fluorescence intensity.22 Those two
studies revealed that non-conventional fluorescence could arise
from polymers possessing amino groups. Tang et al.
synthesized a PMV copolymer that produced fluorescence
through clustering of CO groups; furthermore, it exhibited
diverse forms of fluorescence when varying the solvent
[tetrahydrofuran (THF), N-methyl-2-pyrrolidone, and N,N-
dimethylformamide (DMF)].23

Typically, fluorescent hyperbranched PDs are highly
branched macromolecules having globular structures and
conjugated systems.24 Hyperbranched PDs have been synthe-
sized in three ways: condensation polymerization, addition
reactions, and ring-opening polymerization (ROP). Unal et al.
employed dropwise addition to control the structural regularity
of hyperbranched PDs.25 In this present study, we synthesized
two PDs by combining a dropwise method with condensation
polymerization using an A2 + B3 strategy, involving the ring
opening of a dianhydride (A2) through a reaction with a
triamino compound (B3). This simple one-pot synthesis
allowed control over the nature of the surface functional
groups. Interestingly, our resulting PDs were non-conventional

fluorescent polymers having hyperbranched structures and
nanoscale dimensions in aqueous solutions.
We synthesized two non-conventional fluorescent PDs

PD-BT and PD-ETfrom two types of dianhydrides as the A2
components (possessing bridged bicyclic alkene and non-
alkene structures, respectively) and Jeffamine T403 polyether-
amine as the B3 component. The resulting PDs possessed
relatively rigid bridged bicyclic and flexible linear structures,
respectively, resulting in different fluorescence properties upon
adjusting the pH. They also exhibited different cytotoxicities
toward human MCF-7 breast cancer cells and human
keratinocyte HaCaT cells, with confocal microscopy images
revealing that the PDs could be positioned within these cells.
These non-conventional fluorescent PDs were easy to prepare,
had high water-solubility, and featured a large number of
peripheral functional groups that could potentially be modified
to develop drug-labeling carriers.

2. RESULTS AND DISCUSSION
2.1. Preparation of PDs. We used an A2 + B3 strategy for

the one-pot syntheses of PD-BT and PD-ET (Scheme 1a,b).
As our two types of A2 molecules, we selected BCDA and
EDTAD, possessing bridged bicyclic alkene or non-alkene
structures, respectively. These PDs were obtained through
condensation polymerizations, in which the amino groups of
the B3 compound reacted with the two dianhydrides (A2). For
both PD-BT-12 and PD-ET-12, we adopted a molar ratio of A2
to B3 of 1 mmol:2 mmol to give a ratio of the anhydride and
amino functional groups of 1:3. We added a solution of A2
dropwise into a solution of B3 at 0 °C and then slowly warmed

Scheme 1. (a,b) One-Pot Syntheses of PDs (a) PD-BT-12 and (b) PD-ET-12; (c) Schematic Representation of the A2 + B3
Polymerization

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c05537
ACS Omega 2021, 6, 33159−33170

33160

https://pubs.acs.org/doi/10.1021/acsomega.1c05537?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05537?fig=sch1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05537?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the mixture to room temperature, with a total reaction time of
20 h (Scheme 1c). Dialysis of the PD solutions resulted in the
removal of any monomers and other small molecules,
providing PDs with molecular weights of greater than 3500 g
mol−1; we could not determine the molecular weights through
gel permeation chromatography (GPC) because our PDs were
insoluble in THF and DMF. The polymerization yields of PD-
BT-12 and PD-ET-12 were 66.2 and 44.3%, respectively. The
resulting PDs dispersed well in water.
2.2. Fluorescence of PDs.We placed solutions of our PDs

(1 mg mL−1) under light at 365 nm to observe their
fluorescence emissions (Figure 1a). The optimal excitation
wavelength of the PDs was 360 nm, and the emission
wavelengths of PD-BT-12 and PD-ET-12 were 435 and 438
nm, respectively (Figure 1b,c). The QYs of PD-BT-12 and PD-
ET-12 were 12.8 and 14.0%, respectively. The UV−vis
absorption spectra of PD-BT-12 (Figure 1d) and PD-ET-12
(Figure 1e) each featured a signal at a wavelength of 202 nm
for their amide bonds, a strong absorption peak at 224 nm for
the π−π* transitions of their CO bonds, and signals for the
n−π* transitions of their CO and amino groups at 300−400
nm.26−28

Solutions of PD-BT-12 and PD-ET-12 in water at a
concentration of 1 mg mL−1 exhibited essential values of pH
of 9.0 and 8.4, respectively. We adjusted the pH of these
aqueous PD solutions to 4, 7, and 10, using NaOH and HCl,
and observed their fluorescence under daylight and UV light
(Figure 2a−d). The intensity of the fluorescence of PD-BT-12
did not change significantly upon increasing the pH, but for
PD-ET-12 it decreased accordingly (Figure 2e,f). The QYs of
PD-BT-12 at pH 4, 7, and 10 were 13.1, 15.1, and 13.1%,
respectively (Figure 2g); for PD-ET-12, they were 17.9, 14.6,
and 9.1%, respectively (Figure 2h). Thus, the QYs of PD-BT-

12 in neutral, acidic, and basic aqueous solutions were
approximately in the range 13−15%. We suspect that this
consistent behavior was due to the BCDA monomer (A2)
possessing alkene units and a bridged bicyclic structure,
resulting in PD-BT-12 having a relatively rigid structure that
was unaffected by its aqueous environment. In contrast, the
variable QYs of PD-ET-12 might have been due to its EDTAD
monomer (A2) having a relatively flexible structure. Moreover,
PD-BT-12 and PD-ET-12 possessed amino groups at their PD
surfaces and carboxyl groups within their PD structures. When
we added base (NaOH) to the PD solutions, the carboxylate
anions would coordinate Na+ cations, with the flexible PD
structure being better able to accommodate a greater distance
between the CO units. In this case, the decrease in QY was
possibly due to a decrease in the CTE effect. Moreover, when
PD-ET-12 experienced an acidic environment, its amino
groups and tertiary amine became protonated. The positively
charged NH3

+ units and tertiary amino moieties at branching
sites would undergo charge repulsion to form a more rigid
structure with a shorter distance between the CO groups.
Further increasing the pH to 10 decreased the fluorescence.
The decrease of fluorescence intensity is consistent with that of
a similar tertiary alkylamino structure NH2-terminated
PAMAM dendrimer,29 in which the fluorescence increased
gradually when the pH decreased from 10 to 4. We also found
that our PD-BT-12 and PD-ET-12 showed a strong emission at
435 and 438 nm with the optimal excitation at 360 nm, which
was close to fourth generation poly(amido amine) PAMAM
for emission at 450 nm with excitation at 390 nm. These
results indicated that our two PDs with poly(amic acid)
structures and PAMAM with poly(amido amine)29 and a
tertiary amine backbone with a NH2-terminated group
exhibited a similar fluorescent behavior.

Figure 1. (a) Photographs of PD solutions exposed to daylight and UV light (365 nm). (b,c) PL spectra of (b) PD-BT-12 and (c) PD-ET-12
recorded at various excitation wavelengths. (d,e) PL (red lines) and UV−vis absorption (black lines) spectra of aqueous solutions of (d) PD-BT-12
and (e) PD-ET-12.
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Table 1 summarizes the polymerization yields, fluorescence
behavior, particle sizes, amine values, and atomic compositions

of the PDs. The polymerization yield of PD-BT-12 (66.2%)
was higher than that of PD-ET-12 (44.3%), but their QYs and

Figure 2. (a−d) Photographs of solutions of (a,c) PD-BT-12 and (b,d) PD-ET-12 at various values of pH under (a,b) daylight and (c,d) UV light.
(e,f) PL spectra and (g,h) QYs of solutions of (e,g) PD-BT-12 and (f,h) PD-ET-12 at various values of pH.
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particle sizes were almost identical at both pH 9.0 and 8.4. The
amine values of PD-BT-12 and PD-ET-12, determined through
titration, were 3.0 and 2.3 mequiv g−1, respectively. The two
PDs both contained C, O, and N atoms; the N-atom content
of PD-ET-12 (10.0%) was higher than that of PD-BT-12
(5.6%) because the former was prepared from the N-atom-rich
EDTAD monomer. Notably, when we attempted to prepare
PD-BT-21 and PD-ET-21 at an A2-to-B3 molar ratio of 2:1,
giving an anhydride-to-amino functional group ratio of 4:3, we
obtained low polymerization yields (17 and 21%, respectively),
with cross-linking polymerization occurring to provide PDs
that could not be dispersed in water.
2.3. Particle Sizes and Zeta Potentials of PDs. DLS

suggested that the particle sizes of PD-BT-12 and PD-ET-12
were both approximately 3 nm (Figure 3a,b). Moreover, TEM
revealed that their particle sizes were approximately 3−5 nm

(Figure 3c,d). Thus, our two types of polymers had
hyperbranched structures and nanoscale dimensions of less
than 10 nm, conforming to the definition of PDs.30

When synthesizing our PDs, we adopted an A2-to-B3 molar
ratio of 1:2 to give an anhydride-to-amino functional group
ratio of 1:3, resulting in peripheral amino groups on the
nanoparticle surfaces. To examine the surface charges of the
PDs, we dissolved PD-BT-12 and PD-ET-12 in water (1 mg
mL−1) and measured their zeta potentials, obtaining a value of
−0.8 ± 0.2 mV for PD-BT-12 at pH 9.0 and a value of −2.9 ±
0.4 mV for PD-ET-12 at pH 8.4 (Figure S1a,b). We also
examined the surface charges of the PDs in different aqueous
environments. For solutions of PD-BT-12 at pH 4, 7, and 10,
the measured zeta potentials were 42.2 ± 4.7, −1.1 ± 0.6, and
−35.0 ± 2.5 mV, respectively; for PD-ET-12, the values were
46.7 ± 2.2, 2.6 ± 0.5, and −35.6 ± 3.8 mV, respectively. Thus,

Table 1. Physical Properties of PDs

molar
ratio yield PLa QYb DLSc amine valued

atomic compositione

(%)

name A2 B3 functional group ratio anhydride/amino (%) Ex (nm) Em (nm) (%) (nm) (mequiv g−1) C O N

BCDA/T403
PD-BT-12 1 2 1:3 66.2 360 435 12.8 3.0 ± 0.5 3.0 73.0 21.3 5.6
PD-BT-21 2 1 4:3 17.7 cross-linked and non-water dispersible

EDTAD/T403
PD-ET-12 1 2 1:3 44.3 360 438 14.0 2.7 ± 0.4 2.3 69.1 20.9 10.0
PD-ET-21 2 1 4:3 21.7 cross-linked and non-water dispersible

aExcitation and relatively high-intensity emission wavelengths of the PD, determined using fluorescence spectroscopy. bQY of the PD, calculated
from UV−vis absorption and integrated fluorescence spectra, according to the relative fluorescence QY equation. cAverage particle size of the PD,
determined using DLS. dAmine titration value. eAtomic composition of the PD, determined using X-ray photoelectron spectroscopy (XPS).

Figure 3. (a,b) DLS histograms and (c,d) HRTEM images of (a,c) PD-BT-12 and (b,d) PD-ET-12.
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the zeta potentials of the PD solutions increased upon

decreasing the pH. This behavior is consistent with our PDs

featuring both amino and carboxyl groups, which undergo

protonation/deprotonation to give adjustable surface charges

depending on the pH of the solution (Table S1).

2.4. Temperature and Concentration Effects on PDs.
Figure 4 reveals that solutions of our PDs (4 mg mL−1)
incubated at 4, 25, 50, and 80 °C displayed various
appearances, from transparent to turbid, as a result of a
solution interfacial phenomenon (cloud point behavior). The
turbidity of the solution of PD-BT-12 increased significantly

Figure 4. (a−d) Solutions of (a,b) PD-BT-12 and (c,d) PD-ET-12 that had been incubated at temperatures of 4, 25, 50, and 80 °C and
photographed under (a,c) daylight and (b,d) UV light. (e,f) PL spectra of solutions of (e) PD-BT-12 and (f) PD-ET-12 recorded at temperatures
of 4, 25, 50, and 80 °C.
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from low to high temperature. Upon increasing the temper-
ature, the intermolecular hydrogen bonds between the

relatively rigid PD-BT-12 and the water molecules were
broken, increasing the hydrophobicity of the PD and leading to

Figure 5. 1H NMR spectra of (a) BCDA, (b) EDTAD, (c) Jeffamine T-403, (d) PD-BT-12, and (e) PD-ET-12.
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lower fluorescence (Figure 4a,b).31 In contrast, the trans-
parency of the solution of PD-ET-12 was not affected by the
temperature because the intermolecular hydrogen bonds
between the PD and water molecules were more stable,
which is the result of its relatively flexible molecular structure
(Figure 4c,d). Nevertheless, the fluorescence intensities of PD-
BT-12 and PD-ET-12 decreased upon proceeding from low to
high temperature (Figure 4e,f). This phenomenon might have
been due to disruption of the intramolecular hydrogen bonds
between the carboxyl and amido groups of the PDs upon
increasing the temperature of the solution, thereby minimizing
the CTE effect and spatial conjugation behavior.11,32−34

Moreover, the tendency for the decrease in the fluorescence
intensity of PD-BT-12 from 4 to 25 °C was slower than that of
PD-ET-12, presumably because of the former’s relatively rigid
molecular structure, but an obvious decrease in fluorescence
intensity occurred from 25 to 50 °C because of the cloud point
behavior.
Figure S2 displays the relationship between the fluorescence

intensities of PD-BT-12 and PD-ET-12 and their concen-
trations from 0.05 to 4 mg mL−1. The emission intensity
increased upon increasing the concentrations of PD-BT-12 and
PD-ET-12, revealing no quenching effects up to 4 mg mL−1.
Moreover, the fluorescence of the PDs was observable even
when the concentration was 0.1 mg mL−1.
2.5. Spectral Characterization of PDs. We recorded

nuclear magnetic resonance (NMR), Fourier transform
infrared (FTIR), and XPS spectra to confirm the structures
of our PDs. A comparison of the 1H NMR spectra of BCDA,
EDTAD, Jeffamine T-403, and the PDs revealed that only
those of the PDs featured signals at 7.94 ppm, representing the
H atoms of their amido groups (Figure 5a−e).35−38 Figure S3a
displays the FTIR spectra of BCDA and EDTAD, featuring
signals for the symmetric and asymmetric stretching of their
CO units in the ranges 1761−1774 and 1809−1822 cm−1,
respectively.39,40 After the dianhydrides had reacted with the
triamine to form poly(amic acid)s with amido and carboxyl
groups, Figure S3b reveals that the FTIR spectra of PD-BT-12
and PD-ET-12 lacked any signals for symmetric and
asymmetric stretching of the CO units of the dianhydride

but signals had emerged for amide I and II vibrational modes
in the ranges 1543−1560 and 1657−1663 cm−1, respectively.41

XPS revealed the functional groups and atomic compositions
of the PD structures. The A2 components of PD-ET-12
possessed tertiary amino groups, and the A2 components of
PD-BT-12 possessed bridged bicyclic alkene structures.
Therefore, the different A2 moieties led to different C 1s and
N 1s compositions for these PDs. The XPS survey spectrum of
PD-BT-12 revealed that its composition of C 1s (73.0%) was
greater than that of PD-ET-12 (69.1%) and that the
composition of N 1s of PD-ET-12 (10.0%) was greater than
that of PD-BT-12 (5.6%) (Figure 6a,e). The C 1s spectrum of
PD-BT-12 featured a signal for C−C/CC bonds at 283.3
eV, consistent with the A2 units of PD-BT-12 possessing CC
groups in a bridged bicyclic alkene structure; for PD-ET-12, a
signal appeared for C−C bonds only (283.8 eV) (Figure
6b,f).42−44 The O 1s spectra of PD-BT-12 and PD-ET-12
featured signals for CO (530.3 and 530.1 eV) and C−OH/
C−O−C (530.8 and 531.6 eV) bonds (Figure 6c,g).45 The N
1s spectra of PD-BT-12 and PD-ET-12 featured signals for C−
N (397.8 and 398.1 eV) and N−H (399.0 and 398.8 eV)
bonds (Figure 6d,h).46 Furthermore, the N 1s spectrum of PD-
ET-12 featured a signal for N−(C)3 bonds (399.9 eV), arising
from the tertiary amino groups of its A2 units (Figure 6h).47

Thus, these NMR, FTIR, and XPS spectral analyses confirmed
the syntheses of the two types of PDs, while TEM had
confirmed the dispersion of their nanosized particles in
aqueous solutions. Moreover, from the molecular structures
and fluorescence properties of our PDs, we speculate that the
clustering of CO groups and branched N atoms within the
nanoparticleswith their π-electrons and lone-pair (n)
electrons experiencing spatial conjugation with restricted
molecular motions and rotations in their nanoenviron-
mentsresulted in their non-conventional fluorescence.10,48

2.6. Critical Micelle Concentrations of PDs. A PD that
can undergo molecular self-assembly in aqueous solution will
display a critical micelle concentration (CMC).49,50 Surface
tension measurements revealed that the CMCs of PD-BT-12
and PD-ET-12 were 0.07 and 0.12 mg mL−1, respectively
(Figure S4a,b). At 2 mg mL−1, the surface tension of PD-BT-

Figure 6. XPS spectra of (a−d) PD-BT-12 and (e−h) PD-ET-12: (a,e) survey spectra; (b,f) C 1s binding energies; (c,g) N 1s binding energies;
and (d,h) O 1s binding energies.
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12 (42 mN m−1) was lower than that of PD-ET-12 (47 mN
m−1), due to their different interior chemical structures and
physical properties.
2.7. Cytotoxicity of PDs.We used MTT assays to evaluate

the cytotoxicity concentrations of our PDs toward a cancer cell
line (MCF-7) and a normal cell line (HaCaT). Treating the
MCF-7 and HaCaT cells with PD-BT-12 at 50 μg mL−1 for 48
h revealed that the cytotoxicity of PD-BT-12 was low; the cell
viabilities were close to 80% at this concentration. The cell
viabilities decreased to 70%, however, when the concentration
of PD-BT-12 reached 100 μg mL−1. PD-ET-12 displayed low
cytotoxicity even when its concentration reached 500 μg mL−1

(Figure 7a,b). We suspect that the different molecular
structures of PD-BT-12 and PD-ET-12relatively rigid
bridged bicyclic alkene and relatively flexible alkane structures,
respectivelywere responsible for these slight differences in
cytotoxicity.
2.8. Bioimaging of PDs. To observe the labeling behavior

of the PDs toward the cell lines, we treated the MCF-7 and
HaCaT cells with PD-BT-12 and PD-ET-12 for 6 h. Because
our MTT assays had demonstrated the cytotoxicity of PD-BT-
12 at concentrations greater than 50 μg mL−1, we treated the
cells with our PDs at a concentration of 20 μg mL−1 in the
incubation medium. We recorded confocal microscopy
bioimages with excitation at 405 nm and emission at 420−
480 nm. The confocal images in Figure 8a,b reveal clearly
observed blue emissions upon excitation at 405 nm. When the
bright field and fluorescence images were merged, the confocal
images revealed that the fluorescence of PD-BT-12 and PD-
ET-12 originated within the cells (Figure 8a,b). Thus, the
MCF-7 and HaCaT cells could uptake PD-BT-12 and PD-ET-
12, as determined through bioimaging, suggesting that both
PDs might be potential fluorescent carriers for tracking and
labeling. Moreover, the ability to adjust the net charges of
these PDs suggests that they might function as carriers for
various drugs, or as nanodrugs. Non-conventional PDs that
display stable fluorescence without photobleaching have been
suitable for use as long-term fluorescent nanocarriers.34

3. CONCLUSIONS

We have used an A2 + B3 strategy for the one-pot syntheses of
two types of non-conventional fluorescent PDs possessing
terminal amino functional groups, from commercially available
dianhydrides (one with a bridged cyclic alkene and the other
with a non-alkene) and the commercially available triamine
T403. Although our PDs did not contain any π-conjugated
systems, they displayed fluorescence, presumably because of
their interior molecular clusters of CO groups and branched
N atoms, with the π-electrons and lone-pair (n) electrons

experiencing a spatial conjugation with restricted molecular
motion and rotation in their nanoenvironments, resulting in
non-conventional fluorescence through a CTE effect. The
fluorescence intensity of PD-ET-12 was affected by the pH of
its environment; it dispersed well in water at various
temperatures because of its relatively flexible structure. The
physical behavior of PD-BT-12 was much different because of
its relatively rigid bridged cyclic alkene structure. PD-BT-12
exhibited cytotoxicity at concentrations greater than 50 μg
mL−1, whereas PD-ET-12 displayed low cytotoxicity even at
500 μg mL−1. Confocal microscopic bioimaging revealed that
these PDs could be located within HaCaT and MCF-7 cells
after a period of incubation. Although PD-BT-12 possessed
relatively high cytotoxicity, it might be suitable as a nanodrug
alone for selected cell lines or for conjugation with drugs or
antibodies to target cancer sites or promote anticancer
capability. PD-ET-12 might function as a low-cytotoxicity
nanocarrier while also being suitable for conjugation with
drugs and applied for bioimaging.

4. EXPERIMENTAL SECTION

4.1. Materials. Bicyclo[2.2.2]oct-7-ene-2,3,5,6-tetracarbox-
ylic dianhydride (BCDA; molecular weight: 248.1 g mol−1)
was purchased from Alfa Aesar (Heysham, UK). Ethyl-
enediaminetetraacetic dianhydride (EDTAD; molecular
weight: 256.2 g mol−1) was obtained from Tokyo Chemical
Industry (Tokyo, Japan). Jeffamine T-403 (average molecular
weight: 440 g mol−1) was acquired from Huntsman (TX,
USA). DMF was purchased from Duksan Pure Chemicals
(South Korea). THF was obtained from Avantor Performance
Materials (PA, USA). Dimethyl sulfoxide (DMSO) was
acquired from Honeywell International (NJ, USA). DMSO-
d6 and deuterium oxide (D2O) were purchased from Sigma-
Aldrich (USA, MO). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) was obtained from Bio Basic
(Markham, ON, Canada). Dulbecco’s modified Eagle’s
medium (DMEM), fetal bovine serum (FBS), and anti-
biotic−antimycotic were acquired from Thermo Fisher
Scientific (MA, USA). Phosphate-buffered saline (PBS) was
purchased from Scientific Biotech (Taipei, Taiwan).

4.2. Synthesis of PDs. BCDA (0.50 g, 2.0 mmol) was
dissolved in DMF (100 mL) under N2, and Jeffamine T-403
(1.8 g, 4.0 mmol) was dissolved in THF (100 mL) under N2.
The solution of BCDA was added dropwise to the solution of
Jeffamine T-403 at 0 °C. The mixture was warmed to room
temperature with a total reaction time of 20 h. Separately,
EDTAD (0.50 g, 2.0 mmol) was dissolved in DMF under N2,
and Jeffamine T-403 (1.8 g, 4.0 mmol) was dissolved in THF
under N2. The solution of EDTAD was added dropwise to the

Figure 7. Viabilities of (a) MCF-7 and (b) HaCaT cells treated with PD-BT-12 and PD-ET-12 at various concentrations for 48 h.
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solution of Jeffamine T-403 at 0 °C in an ice bath, and then the
temperature was increased slowly to room temperature, with a
total reaction time of 20 h. In each case, the precipitates were
filtered off and dissolved in water, and the solutions were
subjected to dialysis through a membrane (molecular weight
cut-off: 3500 g mol−1) to remove any small molecules. The PD
solutions were concentrated and then dried in a vacuum oven.
The products are named herein as PD-BT-12 and PD-ET-12,
respectively.
4.3. Characterization of PDs. The fluorescence and UV−

vis spectra of the PDs were recorded using an F-2700
fluorescence spectrophotometer and a Lambda 265 UV−vis

spectrophotometer (PerkinElmer), respectively. The particle
sizes of the PDs were measured using a dynamic light
scattering (DLS) instrument (Zetasizer Nano ZS90, Malvern).
Transmission electron microscopy (TEM) was performed
using a JEM-1400 microscope (Japan) operated at an
acceleration voltage of 120 kV. Zeta potentials were recorded
using a nanoPartica SZ-100V2 instrument (HORIBA). The
structures of the PDs were identified using 1H NMR
spectroscopy (Agilent Technologies, 600 MHz), FTIR spec-
troscopy (IRAffinity-1S, Shimadzu), and XPS (PHI 5000
VersaProbe, ULVAC-PHI). Surface tensions were measured
using a DST-30 digital surface tension analyzer (Surface
Electro Optics). Confocal microscopy images were recorded
using a Leica TCS SP8 X confocal spectral microscope imaging
system and a white-light laser.
The QYs of the PDs were determined from the integrated

fluorescence intensity and the absorption, according to the
relative fluorescence QY equation

ϕ ϕ η η= · ·I I( / ) ( / )PD st PD st st
2

where ΦPD is the QY of the PD, Φst is the QY of quinine
sulfate in 0.1 M H2SO4 (Φst = 0.54), I is the slope of the plot
of the integrated fluorescence intensity with respect to the
absorbance, and η is the refractive index of the solvent.

4.4. Cytotoxicity of PDs (MTT Assay). The cytotoxicities
of PD-BT-12 and PD-ET-12 toward MCF-7 and HaCaT cells
were evaluated using an MTT assay. MCF-7 and HaCaT cells
were seeded (5000 cells well−1) in 96-well plates and cultured
in fresh DMEM containing 10% FBS and 1% antibiotic at 37
°C under 5.0% CO2 for 24 h. The concentrations of PD-BT-12
and PD-ET-12 in PBS were 20 and 25 mg mL−1, respectively.
The PD solutions were filtered through a 0.22 μm membrane.
The MCF-7 and HaCaT cells were treated with PD-BT-12 and
PD-ET-12 solutions of various concentrations (0, 10, 20, 50,
100, 200, 300, and 500 μg mL−1) for 48 h. The MTT stock
solution (5 mg mL−1, 20 μL) was added to each well and
reacted for 3 h. The supernatant was discarded and DMSO
(200 μL) was added. A SpectraMax M2e spectrometer was
used for the detection of the 96-well plates at OD570.

4.5. Cell Imaging. PD-BT-12 and PD-ET-12 stock
solutions (20 mg mL−1) in PBS were filtered through a 0.22
μm membrane. MCF-7 and HaCaT cells were seeded (5 × 105

cells well−1) in a six-well plate and cultured in fresh DMEM
containing 10% FBS and 1% antibiotic at 37 °C under 5.0%
CO2 for 24 h. The MCF-7 and HaCaT cells were treated with
the stock solutions of PD-BT-12 and PD-ET-12 for 6 h; the
concentration of the PD in the medium was 20 μg mL−1.
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Figure 8. Confocal microscopy images of (a) MCF-7 and (b) HaCaT
cells, untreated and treated with PD-BT-12 and PD-ET-12 for 6 h.
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