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ARTICLE INFO ABSTRACT

Keywords: Herein, we propose an innovative method for synthesizing luminescent hollow spherical nanoparticles. Our
H)fdrogen Bonding method involves the construction of hydrogen bonding connected micelles (HBCMs) utilizing inter-polymer
Micelles complexes of poly(styrene-alt-hydroxyphenylmaleimide)/poly(4-vinylpyridine) ~ (poly(S-alt-HPMI)/P4VP),
Triphenylamine

which could undergo self-assembly, resulting in the formation of core/shell nanostructures in the selective
solvent. The aim was to incorporate two types of fluorescent compounds, namely tris(4-bromophenyl)amine
(TPA-Br3) and 1,1,2,2-tetrakis(4-bromophenyl)ethene (TPE-Bry), as the cross-linkers to enhance the shell
structures of HBCMs and using dimethylformamide (DMF) was employed to remove the core structures, aiming
to pursue the formation of luminescent hollow spheres. Transmission electron microscopy (TEM) images
confirmed the formation of self-assembled spherical structures formed by poly(S-alt-HPMI)/P4VP inter-polymer
complexes. The morphological features, hydrogen bonding interactions, particle sizes, cross-linking reactions,
core removal, and thermal properties were thoroughly investigated by TEM, atomic force microscope (AFM),
dynamic light scattering (DLS) instrument, Fourier transform infrared (FTIR) spectroscopy, ‘H nuclear magnetic
resonance (NMR) spectroscopy, thermogravimetric analysis (TGA), and differential scanning calorimetry (DSC)
analyses. Moreover, the optical properties were also explored by fluorescence microscope and photo-
luminescence (PL). This evidence indicates that the HBCMs could be directly cross-linked with TPA-Brs or
TPE-Bry4 and subsequently transformed into hollow spheres by the addition of DMF. Fluorescent particles
featuring hollow spheres could be prepared successfully without traditional dye staining or labeling. This
advancement holds promising potential for applications in nano-carriers with improved imaging contrast.

Aggregation Enhanced Emission
Hollow Sphere

challenges of in vitro studies [17-19].
In response to the complicated synthesis and limitations of these

1. Introduction

Over several decades, various research efforts have focused on the
development of self-assembling polymeric micelles, which are con-
structed using diverse types of copolymers, such as amphiphilic diblock
copolymers [1-3], graft copolymers [4-6], or ionic copolymers [7-9].
Upon reaching the critical micelles concentration (CMC), these cova-
lently bonded copolymers would aggregate to form well-defined ordered
structures [10]. The appeal of polymeric micelles lies in the nanoscale
particle dimensions, leading to extensive studies of nano-carriers, elec-
trolytes, and templates [11-16]. Currently, a predominant focus is on
the design of degradable amphiphilic diblock copolymers for thera-
peutic applications. However, challenges persist, including environ-
mental circumstances (such as solvent, temperature, and pH), the
threshold of CMC, and the drug loading efficiency, which need to pose
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copolymers, a more innovative and practical approach termed the
“block-copolymer-free” strategy, has been explored. This approach in-
volves the formation of noncovalently connected micelles (NCCMs)
composing complementary polymer pairs containing hydrogen bonding
donor and acceptor moieties. These polymer pairs are introduced into
the selective solvent, leading to the formation of core/shell structures
inter-connected by intermolecular hydrogen bonding [20] or host-guest
interactions. For example, the self-assembly behavior occurred when
PtBA-ADA homopolymer and PGMA-CD diblock copolymer were both
introduced in water, which resulted in the core/shell structure, pri-
marily induced by the physically host-guest interaction between f-CD
and ADA portion [21]. Our previous study demonstrated that thymine-
functionalized PVBT/adenine-terminated PEO-A homopolymers would
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Scheme 1. Construction of (a) hydrogen-bonded connected micelles (HBCMs) from poly(S-alt-HPMI)/P4VP complex, crosslinked micelles with TPA-Brsz (b) and
TPE-Bry (c), hollow spheres dissolution in the DMF transform from CTPA (d), and CTPE (e).

self-assemble into the “graft-like” copolymers in DMF. This assembly
was driven by complementary multiple hydrogen bonding interactions
between PEO-A and PVBT fragments then formed the core/shell struc-
tures in a selective water environment [22]. Furthermore, Jiang et al.
reported that with an increase in the hydrogen bonding donor, there was
a corresponding rise in the density of the hydrogen bonding interaction
site at the core/sell interface, ultimately resulting in the formation of a
rod-like structure rather than a spherical structure [23]. In our previous
study, we were interested in the decrease of hydrogen bonding acceptor
and transformed copolymer sequences to mediate the hydrogen bonding
interaction site at the core/sell interface, which also achieved similar
results [24]. Another attraction of NCCMs is that it is simple to achieve a
hollow structure by changing solvent at ambient temperature without
using non-environmentally friendly calcination or chemical etching
[25,26]. It may become a promising strategy to potentially replace the
current approaches aimed at pursuing vesicle structures in the chemo-
therapeutic field to overcome challenges in drug delivery [27].

In the field of bioimaging, organic fluorophores play a crucial role,
finding applications through their covalent integration into block
copolymer micelles. These fluorophores serve as fluorescent labels,
enabling the monitoring of the movement of micelles within living cells,
and facilitating targeted drug delivery [28]. For example, the previous
work reported the use of amine-functionalized poly(St-co-MAh) labeling
as a green dye [29] and Razzaque et al. demonstrated blue fluorescence
in Py-HMOCs-FA by confocal microscopy [30]. Within our group, we
have synthesized numerous conjugated microporous polymers (CMPs)
based on triphenylamine (TPA) or tetraphenylethylene (TPE) with
n-conjugated skeleton structures, which are widely applied in photo-
catalysis, phototherapy, and bioimaging [31-34] In this context,
aggregation-induced emission (AIE) fluorophores, particularly the well-
known TPE, have emerged as a preferred choice for applications in drug
delivery and bioimaging [26,35,36].

In this study, we explored two different kinds of fluorescent com-
pounds, TPA-Brs and TPE-Brg, as cross-linkers to stabilize the micelles
structures, which had not previously reported the role in stabilizing
micelles. Our study involved constructing hydrogen bonding-connected
micelles (HBCMs) based on the poly(S-alt-HPMI) alternating copolymer/
P4VP homopolymer, which is self-assembled driven by weak intermo-
lecular hydrogen as described in our previous study [24]. To improve

the structural stability of P4VP, we introduced cross-linking agents
TPA-Brs or TPE-Bry, resulting in the formation of HBCMs. By carefully
manipulating the solvent, the hollow structures were achieved by
medicating the chemical structures, cross-linking reaction, hollow na-
ture, and thermal stability of poly(S-alt-HPMI)/P4VP hydrogen bonding
connected micelle by FTIR, 'H NMR, TGA, DLS, and TEM analyses. We
also used a fluorescence microscope and photoluminescence to confirm
the fluorescent properties of nanoparticles without the additional dye
staining or labeling. The results revealed that the hydrogen bonding
connected micelles, cross-liked with TPA-Brs or TPE-Bry and subse-
quently transformed into hollow spheres, display the potential appli-
cations as nanocarrier with imaging contrast capabilities.

2. Experimental section
2.1. Materials

Nitromethane (98 %) was purchased from Alfa Aesar. Tetrahydro-
furan (THF) and N, N-dimethylformamide (DMF) were obtained from
Acros Organics. All the solvents were used as received without further
purification. Poly(styrene-alt-hydroxyphenylmaleimide) [poly
(S—alt-HPMI)] alternating copolymer [37], poly(4-vinylpyridine)
(P4VP) homopolymer [38], TPA-Brs and TPE-Br4 [39] were synthesized
previously in our previous studies.

2.2. Preparation of poly(S-alt-HPMI)/P4VP hydrogen bonding
connected micelles (HBCMs)

For preparing the micelles in the selective solvent, poly
(S—alt-HPMI)/THEF solution (8 mg/2 mL) was added slowly over a period
of about 10 min to P4VP/nitromethane solution (3.6 mg/ 18 mL) in a 20
mL vial bottle. The mixing solution transformed from colorless to canary
yellow, implying the construction of micelles. This resulting mixture was
stirred at room temperature overnight and then stable for 2 weeks before
conducting further measurements (Scheme 1(a)) [24].
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Fig. 1. (a-b) TEM images and (c) DLS analysis of HBCMs, (d-e) TEM images and (f) DLS analysis of CTPA, and (g-h) TEM images and (i) DLS analysis of HTPA. All

TEM images are stained with I,.

2.3. The preparation of TPA-Brs or TPE-Bry cross-linked micelles
(CTPA or CTPE)

For the reinforcement of shell structures in hydrogen bonding con-
nected micelles, TPA-Brs (5.5 mg, 0.011 mmol) or TPE-Bry (5.5 mg,
0.008 mmol) was separately introduced into micelles solutions (10 mL).
The molar ratio of bromide units in TPA-Brs or TPE-Bry to pyridine
units in P4VP was 2:1. The resulting mixture was slightly stirred at 60 °C
for 48 hrs to accomplish the crosslinking process as depicted in Scheme 1
(b) for CTPA and Scheme 1(c) for CTPE.

2.4. The creation of a hollow spherical structure (HTPA or HTPE)

To induce cavitation within the cross-linked micelles, an equal vol-
ume of DMF was mixed into the micelles solution containing either
CTPA or CTPE. This resulting mixture was stirred slightly overnight at
room temperature and then maintained undisturbed for a week to
ensure the core structure was washed completely by DMF as displayed in
Scheme 1(d) for HTPA and Scheme 1(e) for HTPE.

3. Results and discussion
3.1. Morphology of HBCMs, CTPA, HTPA, CTPE and HTPE

In this study, we introduced two kinds of fluorescence materials,
TPA-Brs and TPE-Bry4, as cross-linkers to stabilize the poly
(S—alt-HPMI)/P4VP HBCM:s to further achieve hollow spheres based on
our previous study [24]. Fig. 1 displays TEM images and DLS analyses of
HBCMs, CTPA, and HTPA based on TPA-Brs as the cross-linker. TEM
images displayed the successfully self-assembled HBCMs into spherical
structures successfully with diameters around 62 + 15 nm, as displayed
in Fig. 1(a-b) and Figure S1 (a), consistent with our previous findings
[24]. Furthermore, the formation of cross-linked P4VP shell structure
was according to the approach of Noguchi et al [40]. The process
involved the utilizing bromide atoms on TPA-Brs to quaternized pyri-
dine units and create a p—conjugated TPA skeleton [33] as shown in
Scheme 1(b). Fig. 1(d-e) and Figure S1 (b) demonstrate that the mor-
phologies of CTPA are still maintained spherical with diameters around
28 + 8 nm; however, the particle size was decreased obviously. Addi-
tionally, Fig. 1(c) and Fig. 1(f) also displayed DLS analysis, suggesting
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Fig. 2. (a-b) TEM images (c) DLS analysis of CTPE, and (d-e) TEM images and (f) DLS analysis of HTPE. All TEM images are stained with I.

that the particle size of HBCMs was shrunk from ca. 141 nm to 104 nm
after cross—linking with TPA-Brj3 to form CTPA, which indicated that the
P4VP shell was reinforced by TPA-Brj successfully. Finally, we induced
cavitation in the poly(S—alt-HPMI) core structure in CTPA by adding
DMF. Fig. 1(g-h) characterized the hollow nature of HTPA, it was
obvious that higher electrons could transmit the center than the margin
of the nanocage effectively, thus producing the contrast between the
shell and empty center clearly [41]. Moreover, Fig. 1(i) showed that the
particle size expanded to 156 nm due to the micelles solution being
diluted after the DMF was added. Analogous shapes and particle sizes of
the HBCMs, CTPA, and HTPA were also confirmed by AFM, as shown in
Figure S2.

Fig. 2 shows TEM images and DLS analyses of HBCMs, CTPE, and
HTPE, where we also utilized TPE-Br4 to enhance the stability of
HBCMs. The methodology was analogous to that of CTPA because the
characterization of bromide-substituted could involve quaternization of
pyridine units and created TPE framework to connect P4VP polymer
chains, thereby reinforcing the shell structure as displayed in Scheme 1
(c). Fig. 2(a-b) and Figure S1 (c), reveal that CTPE also maintained
spherical structures with diameters around 36 + 10 nm after the HBCMs
were cross-linked by TPE-Bry. The DLS data reported that the particle
size was decreased to 103 nm (Fig. 2(c)), which closely resembled the
results for CTPA compared to Fig. 1(d)-1(f). This similarity indicated
that the P4VP shell could also be cross-linked by TPE-Br4 successfully.
In the final step, we also degraded the poly(S—alt-HPMI) core structure
in CTPE through DMF dissolution. Fig. 2(d-e) characterized the thin
shells of the nanocage and the large collapsed inner cavity, which evi-
denced that the hollow structures of HTPE were achieved. Likewise,
Fig. 2(f) reveals that the particle size was expanded to 240 nm after the
micelles solution of CTPE was diluted by DMF, which was larger than
HTPA. However, the distribution of particle sizes exhibited greater
polydispersity. Analogous shapes and particle sizes of the HBCMs, CTPE,
and HTPE were also confirmed by AFM as shown in Figure S3.

3.2. Characterizations of HBCMs, CTPA, HTPA, CTPE and HTPE

Hydrogen bonding connected micelles, cross-linked reaction, and
core dissolution were characterized by several analytical techniques
including FTIR, 'H NMR, TGA, and DSC. Firstly, FTIR spectra in Fig. 3(a)
and 3(d) displayed the absorption band of poly(S—alt-HPMI)/P4VP
HBCMs at 1005 cm ™!, which was characteristic of the hydrogen-bonded
pyridine ring, indicating that the HBCMs had been stabilized by
hydrogen bonding interaction between the OH of poly(S—alt-HPMI) and
N atom of P4VP successfully [24]. Upon cross-linked with TPA-Brs or
TPE-Bry, the intensity of absorption peaks around 3056 cm™! (sp? C-H
stretching) relatively increased, attributed to the aromatic rings of TPA
or TPE units, the absorption bands of OH shifted to higher wavenumbers
ca. 3 cm ™! after P4VP shell cross-linked with TPA-Brz and ca. 7 cm ™! for
TPE-Bry, indicating the formation of free OH on the poly(S-alt-HPMI)
core due to blue shift wavenumber. Furthermore, the signals at 1005
cm ! decreased, suggesting that the hydrogen-bonded N atom on the
P4VP shell was replaced with cross-linked TPA-Brs or TPE-Bry.
Following the dissolution of the poly(S-alt-HPMI) core by DMF, the
peaks at 1714 cm™! corresponding to the symmetric C = O stretching of
maleimide units in poly(S—alt-HPMI)) was decreased, while the peak at
1665 cm ™~ (C=N" stretching) [42,43] was not apparent in this study.
We observed relatively apparent signals at 1113 cm ™! (C-N stretching)
and 620 cm~! (C-Br stretching) [33] because TPA-Brs or TPE-Bry
reinforced the P4VP shell structure, revealing that the collapsed of poly
(S—alt-HPMI) core after adding DMF to form the hollow spheres. The
reason for the poly(S-alt-HPMI) core washed out by DMF is the
competition about intermolecular hydrogen bonding interaction be-
tween the OH or carbonyl in poly(S—alt-HPMI) with DMF compared to
the OH in poly(S—alt-HPMI) with N atom in P4VP, which has been
discussed extensively in previous study [24].

The 'H NMR spectra depicted in Fig. 3(b) and 3(e) were also been
investigated, and all the samples were processed in deuterated dimethyl
sulfoxide (DMSO-dp). In our previous study, we had communicated that
the signals within the range of 5.8-7.8 ppm represent the protons of
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Fig. 3. (a, d) FTIR spectra, (b, e) 1H NMR spectra (chloroform-d), and (c, f) TGA thermal analyses of HBCMs, CTPA, HTPA, CTPE and HTPE, respectively.

aromatic rings, while signals at 9.71 ppm symbolize the protons of OH
units for poly(S—alt-HPMI) [37]; protons in pyridine ring nearby the
main chain and N atom for P4VP are indicated by signals at 6.8-7.2 and
8.0-8.5 ppm [24,38]. Because the pristine poly(S—alt-HPMI) and P4VP
could dissolve in DMSO-dg individually, thus the HBCMs consisting of
poly(S—-alt-HPMI)/P4VP polymer complex could move in DMSO-dg. The
signals around 6.7-7.8 and 8.2-8.4 ppm became broader and shifted
downfield because of the hydrogen bonding interaction between OH and
the N atom, leading the electron density around protons on aromatic and
pyridine rings deshielding [44]. Remarkably, we observed three distinct
signals for HBCMs (star-labeled) at 7.0, 7.1, and 7.2 ppm, indicating a
unique environment for these protons. Following cross-linking with
TPA-Brs or TPE-Bry, all the proton signals associated with aromatic and
pyridine rings vanish, and there is a notable reduction in the intensity of
the three distinct signals of HBCMs (star-labeled). The observed phe-
nomenon serves as clear evidence that the mobility of the polymer
complex was constrained, implying the successful occurrence of the
cross-linked reaction [45]. Furthermore, the signals at approximately
6.9 and 7.4 ppm arise from the protons associated with the aromatic
rings of TPA-Brs or TPE-Bry [39], providing evidence of the successful
cross-linking of the P4VP shell with TPA-Brs or TPE-Bry in HBCMs.
Ultimately, the disappearance of the three distinct signals of HBCMs
(star-labeled) upon the addition of DMF indicates the successful removal

of the poly(S—alt-HPMI) core.

We also conducted the TGA analysis displayed in Fig. 3(c) and 3(f),
which provided insights into the thermal behavior of the HBCMs. The
thermal degradation temperatures (Tq410) of HMCBs comprising 69 wt%
poly(S—alt-HPMI) and 31 wt% P4VP by weight fraction in a selective
solvent mixture of THF/nitromethane was 201 °C. The corresponding
char yield at 800 °C was 0 wt%. Additionally, we measured the thermal
characteristics of poly(S—alt-HPMI)/P4VP blend system with a weight
fraction of 65/35 in DMF, as shown in Figure S4, indicating that the
thermal stability of HBCMs was inferior to the blend system. This is
because the poly(S-alt-HPMI)/P4VP blend system exhibits full misci-
bility facilitated by inter-polymer complexes, resulting in a compact
structure. Conversely, the HBCMs undergo microphase separation in a
selective solvent, leading to a looser structure and lower thermal sta-
bility compared to the miscible poly(S-alt-HPMI)/P4VP blend from a
DMF solution. Furthermore, the DSC analysis displayed in Figure S5
revealed two glass transition temperatures (Tg) for HBCMs, where Tg;
was observed at 120 °C and.

Tgo was 250 °C. Notably, these values were closely similar to the
respective glass transition temperatures of pristine P4VP (T; = 130 °C)
and poly(S-alt-HPMI) (T = 259 °C), indicating microphase separation
of HBCM in a selective solvent. Moreover, we compared the Tg of poly
(S—alt-HPMI)/P4VP polymer blend system, we observed that the Tg of
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Fig. 4. Fluorescence images of CTPA with (a) optical views and (b) fluorescence views, HTPA with (c) optical views and (d) fluorescence views.

HBCMs was elevated compared to the blend system (Tg = 193 °C). This
increase can be attributed to the formation of stronger hydrogen
bonding interaction between OH of poly(S-alt-HPMI) and N atom of
P4VP in a relatively low polar selective solvent [46]. Upon cross-linking
with TPA-Brs or TPE-Bry, the thermal degradation temperatures (Tq10)
of CTPA and CTPE were measured at 273 °C and 279 °C, respectively.
The increased temperature was attributed to chemical cross-links
forming an additional framework. The cross-linking of CTPA and
CTPE derived from HBCMs promotes mass retention, resulting in
improved thermal stability and reinforcement of the P4VP shell. Besides,
approximately 14.2 wt% and 13.3 wt% of CTPA and CTPE were
observed at 800 °C, respectively. Nevertheless, the thermal degradation
temperatures (Tq19) of HTPA and HTPE declined to 271 °C and 260 °C,
respectively. This decrease was attributed to the collapse of the poly
(S—alt-HPMI) core. The char yield of HTPA and HTPE recorded at 800 °C
was 11.4 wt% and 12.8 wt%, respectively, indicating the residue of
cross-linked P4VP shell [47-49]. These findings support the reinforce-
ment of shell structures in HBCMs through cross-linking with TPA-Brs or
TPE-Bry4 to form CTPA and CTPE. Subsequently, by adding DMF, the
hollow spheres could be easily obtained by the solvent dissolution
method.

3.3. Optical properties of fluorescence particles

To assess the preservation of the fluorescence properties of TPA-Brs
or TPE-Br, after the cross-linked reaction, fluorescence microscopy was
used to investigate the optical characteristics of CTPA, HTPA, CTPE, and
HTPE. Fig. 4 depicts the optical and fluorescence images of CTPA and
HTPA. In the case of TPA-Brs cross-linked CTPA, the prominent blue
color and fluorescent signal were observed as shown in Fig. 4(b).

Contrasting the optical images in Fig. 4(a), the shell structures exhibit a
massive fluorescence, attributed to the conjugate system of TPA-Brg
[50], suggesting that the P4VP chains were exclusively located sur-
rounding the core due to the hydrogen bonding interaction and TPA-Brs
cross-linked with P4VP shell successfully. Nonetheless, the shell struc-
tures became thinner after adding the DMF to collapse the poly
(S—alt-HPMI) core as shown in Fig. 4(d), in comparison to Fig. 4(b). This
is attributed to DMF acting as a dilute solution, causing the shell swelling
[23,24]. Besides, the luminescent signal appears to diminish, likely due
to the decreased density of TPA-Brs on the shell structures resulting
from the swelling of the shell.

We also collected the optical and fluorescence images of CTPE and
HTPE, as exhibited in Fig. 5. In contrast to Fig. 4, TPE-Br4 cross-linked
CTPE emits obscure green fluorescence, attributed to the well-known
aggregation-induced emission (AIE) property of TPE derivatives. Spe-
cifically, Fig. 5(a) and 5(b) reveal that for TPE-Bry4 cross-linked CTPE,
only micelles of a sufficiently small size are observable. This perfor-
mance indicated that the density of TPE-Br4 under these conditions was
adequate for inducing aggregation and activating the restriction of
intramolecular rotations (RIR) process [51-56]. Similarly, the shell
structures demonstrated a reduction in thickness and luminescent in-
tensity upon adding the DMF, as shown in Fig. 5(d). This phenomenon
can be attributed to DMF acting as a dilute solution, causing the shell
swelling and resulting in a decreased density of TPE-Brs on the shell
structures. Moreover, the observation of distinct contrast between the
luminescent periphery and the dark center once again confirmed the
success of TPE-Bry4 cross-linked with shell structures and the formation
of hollow structures.

Ultimately, we chose the most robust luminescent specimen in the
bulk state, which exhibited a green color observed from the naked eye of
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Fig. 5. Fluorescence images of CTPE with (a) optical views and (b) fluorescence views, HTPE with (c) optical views and (d) fluorescence views.
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Fluorophore concentration: 35 pM; excitation wavelength: (a) 400 nm and (c) 254 nm.

HTPE (Figure S6) to investigate the AIE characteristics by photo-
luminescence (PL). For HTPE disperse in mixture solution of THF/
Nitromethane/DMF (1/9/10 vol%) was non-emissive. The water as a
poor solvent for HTPE was selected, thus the particles would aggregate
in a water/mixture solution until the water fraction was over 70 % (f, >

70 vol%), and the emission peak emerged. The maximum peak of HTPE
with a water fraction of 90 % (f,, = 90 vol%) was 501 nm in Fig. 6(a),
which was similar to some studies of TPE derivatives [32,51-56]. Be-
sides, it was clear that the HTPE solution with a water fraction over 70 %
(fw>70 vol%) became turbid under the light, as shown in Fig. 6(b).
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Unfortunately, there was not a green color that appeared under the UV
light with 365 nm, as shown in Fig. 6(c). The observation of a low
quantum yield phenomenon posed challenges when attempting to
measure a clear value for the photoluminescence quantum yield (PLQY)
in the solution state [57].

4. Conclusion

We prepared HBCMs using poly(S-alt-HPMI)/ P4VP inter-polymer
complexes with core/shell structures in a selective solvent. TEM im-
ages verified the formation of self-assembled spherical structures. Two
kids of fluorescent, TPA-Br3 or TPE-Bry4, were selected to act as cross-
linkers for reinforcing the shell structures of HBCMs. The thermal
degradation temperatures of CTPA and CTPE measured by TGA were
higher than HBCMs, indicating more predominant thermal stability. To
attain hollow spheres, DMF was added to remove the core structures.
The morphologies, particle sizes, hydrogen bonding interaction, cross-
linking reaction, core dissolution, and thermal properties were exam-
ined by TEM, AFM, DLS, FTIR, 'H NMR, TGA, and DSC analyses.
Furthermore, we explored the optical characteristics by utilizing a
fluorescence microscope and PL analysis revealed that luminescence
was observed in CTPA, HTPA, CTPE, and HTPE produced from HBCMs
without the need for additional dye staining or labeling. This suggests
their potential suitability for applications in nano-carriers with imaging
contrast.
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