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d polymer tunes the size and
enhances the fluorescent properties of
aggregation-induced emission nanoparticles†

Javad Tavakoli,ab Nikita Joseph,a Colin L. Raston a and Youhong Tang *a
The host–guest interaction approach, specifically via the formation of

hydrogen bonds, is an effective strategy for preparing luminescent

hyper-branched polymers. The challenge here is how to optimize the

binding strength and particle size to tune fluorescence properties. The

aim of the current study was to optimize the guest (aggregation-

induced emission molecule, AIE)–host (hyper-branched polymer,

HBP) interaction in the development of an HBP/AIE complex (AIE–

HBP) with tunable luminescence properties via the formation of strong

hydrogen bonds. Overall, a simple one-step method for the prepara-

tion of AIE–HBP was demonstrated. The method was based on the

formation of hydrogen bonds among AIE molecules and HBP mole-

cules, resulting in the development of a stable AIE–polymer complex.

Compared to other techniques (direct polymerization or post-

functionalization), the proposed technique was much simpler. The

fluorescence properties of AIE–HBP were significantly enhanced

compared to AIE alone and could be tuned during the formation of

AIE–HBP by using a novel vortex fluidic device (VFD). The as-prepared

AIE–HBP can be used to simultaneously enhance the mechanical

properties of hydrogels while increasing the fluorescence properties.
Introduction

Luminogens with aggregation-induced emission (AIE) features
demonstrate enhanced emission during aggregation and provide
notable opportunities for the development of highly efficient
luminophores with potential applications in biological and engi-
neering elds.1,2 Following recent progress in the preparation of
efficient luminescent materials with AIE characteristics, much
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research has been undertaken to introduce their applications,
leading to innovative ndings.3–5 Early efforts to identify AIE
systems resulted in the development of small molecules or low
molecular weight molecules that were highly efficient for different
applications.6–8 However, for practical applications at the macro-
scale, e.g., fabrication of solid-state thin lms, small AIEmolecules
or low molecular weight AIE molecules is unlikely to be efficient.
The physical blending of small or low molecular weight AIE
molecules with polymeric components seemed to be an inefficient
approach to obtain AIE active complex systems.9 The preparation
of AIE active luminogens with high molecular weight and func-
tionality (>2) might help to address this drawback, meanwhile
contributing to the development of polymeric components with
new properties.10,11Compared to small or lowmolecular weight AIE
molecules, AIE–HBP displays more prominent advantages,
including variation in structure and properties and simplicity of
fabrication of polymeric components (lm and bres) with lumi-
nescence characteristics and tunable mechanical properties.9,10

Classic strategies for the preparation of AIE–HBP use either direct
polymerization or post-functionalization.11–13 Unlike direct poly-
merization, where AIE molecules incorporate the polymer struc-
ture as monomers, post-functionalization mainly involves
modication into polymers as pendant groups or graed side
chains. Even if effective, these synthetic strategies for the
construction of AIE–HBP are time-consuming, relatively expensive,
and require different polymerization reactions and catalysts.13,14

Of particular interest, control of gelation during the direct
polymerization process as well as the solubility of conjugated
polymers with hyper-branched architecture remains challenging.9,10

On the other hand, the post-functionalization of HBPs via the
formation of side chains or pendant groups may result in a greater
particle size. It appears that the host–guest interaction approach
specically via the formation of hydrogen bonds is an effective
strategy for preparing luminescent HBPs. The challenge here is how
to optimize the binding strength and particle size to tune uores-
cence properties. Such a strategic approach would have potential for
the creation of mechanically strong hydrogels with luminescence
properties since the AIE–HBP complexes would serve as physical
Nanoscale Adv., 2020, 2, 633–641 | 633
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crosslinking agents. Moreover, AIE–HBP complexes provide supe-
rior uorescence sensitivity for bio-sensing applications compared
to their small-molecule counterparts.15

The aim of the current study was to optimize the guest (AIE)–
host (HBP) interaction in the development of AIE–HBPs with
tunable luminescence properties via the formation of strong
hydrogen bonds.
Results and discussion
HBPs boost the uorescence intensities of AIE nanoparticles

In this study, the AIE luminogen (AIEgen), i.e., TPE-2BA, a deriva-
tive of tetraphenylethylene with 2 boronic acid groups, was used as
the guest. TPE-2BA is not soluble in water at neutral pH but is fully
miscible in dimethyl sulphoxide (DMSO).16,17 The preparation of
Fig. 1 (a) Change in the relative FL intensity as a function of WF for the A
The concentration of the HBP was 1 mM. Insets: camera images of the AIE
UV light at an excitation wavelength of 365 nm and the chemical struct

634 | Nanoscale Adv., 2020, 2, 633–641
TPE-2BA aggregates involves adding water (anti-solvent) to the
vigorously shaken TPE-2BA/DMSO solution. The brightness of the
TPE-2BA particles depends on the nal ratio of water to DMSO,
with uorescence (FL) intensity negligible for water fractions (WFs)
<70%, then increasing in tracking towards WF ¼ 90% (Fig. 1). A
commercially available HBP, i.e., bis-MPA polyester-64-hydroxyl
(generation 4), was employed as the host. Briey, to prepare AIE–
HBP, the TPE-2BA/DMSO solution was added to the HBP/DMSO
solution under constant stirring. Then water was added to the
vigorously shaken nal solution at different pre-set WFs, while the
concentration of TPE-2BA (50 mM) remained constant (ESI S1†).
Signicant differences in FL intensity were found for the AIE–HBP
(HBP concentration ¼ 1 mM) at different WFs (Fig. 1a). The FL
intensity increased 32-fold when WF ¼ 90% compared to WF ¼
40%. Also, we found that the associated maximum FL intensity at
IEgen (TPE-2BA) and AIE–HBP at an excitation wavelength of 350 nm.
gen and AIE–HBP solutions at different water fractions captured under
ures of (b) TPE-2BA (AIE) and (c) the HBP.

This journal is © The Royal Society of Chemistry 2020
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WF ¼ 90% for AIE–HBP was approximately 5 times greater than
that of TPE-2BA alone. This observation was consistent with other
studies, where enhancement of uorescence properties via the
formation of hydrogen bonds was reported.4,10,12 The chemical
structures of AIE and the HBP are presented in Fig. 1b and c,
respectively.
Tuning AIE nanoparticle uorescence properties by changing
HBP concentrations

We also found that changing the HBP concentration altered the
FL properties of AIE–HBP. We observed that at a constant WF,
Fig. 2 The FL spectra of AIE–HBP at WFs (a) 90% and (b) 70% for differe
relative FL intensities at different WFs for AIE–HBP containing different co
with (A) 1 mM and (B) 0.01 mM, compared to (C) AIE alone at WF ¼ 90%

This journal is © The Royal Society of Chemistry 2020
an increase in HBP concentration enhanced the FL properties of
the AIE–HBP. With a high WF (>80%), increasing the HBP
concentration from 0.01 mM to 1 mM resulted in a signicant
change in FL properties. When the WF was set at 90%, a 180%
increase in FL maxima was seen for AIE–HBP containing 1 mM
HBP compared to that containing 0.01 mM HBP (Fig. 2a).
Consequently, the associated enhancement of relative intensity
was approximately 140%. In contrast, with a lower WF (<70%),
changes in the FL intensity for a lower concentration of HBP
(Fig. 2b) and the relative intensity were almost negligible
(Fig. 2b; inset). We found that at a constant WF, the FL maxima
of AIE–HBP containing 1 mM concentration of HBP increased
nt concentrations of HBP (0.01, 0.1, 0.25, 0.5 and 1 mM). Insets: (right)
ncentrations of HBP, and (left) camera images of AIE–HBP aggregates
.

Nanoscale Adv., 2020, 2, 633–641 | 635

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0na00044b


Table 1 Changes in zeta potential (mV) of TPE-2BA and AIE–HBP at
different HBP concentrations

WF (%)

Hyper-branched polymer concentration (mM)

1 0.5 0.25 0.1 0.01 0.0

70 �14.1 �12 �11.4 �9.3 �8.3 �14.9
80 �25 �19.4 �18 �17.1 �15.1 �25.1
90 �38.7 �27.2 �20.3 �18.9 �18.2 �33.2
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signicantly compared with complexes containing lower
concentrations of HBP. For instance, at WF ¼ 70%, the FL
maximum for AIE–HBP (1 mM) was enhanced by approximately
70% compared to those of AIE–HBP containing lower concen-
trations of HBP (0.01, 0.1, 0.25 and 0.5 mM). At a constant HBP
concentration, as with AIE alone, we observed that the bright-
ness of AIE–HBP aggregates depended on the nal ratio of water
to DMSO, with an increase in tracking towards 90% (Fig. 2b;
inset). In general, we found that at different WFs, the addition
of HBP resulted in higher relative intensities of AIE–HBP
compared to that of AIE alone. Brighter aggregates were seen in
AIE–HBP (Fig. 2b: inset 1 mM 2b-A and 0.01 mM 2b-B)
compared to that in AIE alone (Fig. 2b–C) at WF ¼ 90%.
Fig. 3 Isothermal titration calorimetry results for (a) AIE–HBP and TPE-2
curves for (b) AIE–HBP (1 mM) and (c) TPE-2BA revealed the formation
librium association constants for the formation of hydrogen bonds betw
schematic drawing of the formation of (b) AIE–HBP and (c) TPE-2BA alo
possibility of the formation of hydrogen bonds).

636 | Nanoscale Adv., 2020, 2, 633–641
Subsequently, we found that the uorescence quantum yield of
AIE–HBP aggregates depended on the nal concentration of the
HBP, with an increase in tracking towards 1mM. At a constantWF
¼ 90%, the FL quantum yields were 56% and 27% for AIE–HBP
with 1 and 0.01mM concentrations of HBP, respectively indicating
a 107.4% enhancement. We also observed that the quantum yield
dropped by 27% when the HBP concentration was decreased to
0.5 mM, compared to that with 1 mM.

The quantum yield remained constant (approximately 41%)
for AIE–HBP containing 0.5, 0.25 and 0.1 mM of HBP. Our
results revealed that for a constant HBP concentration, an
increase in WF signicantly enhanced the associated quantum
yield. With HBP concentration ¼ 1 mM, the quantum yield was
measured at 11.2, 30 and 56% for WF ¼ 70, 80 and 90%,
respectively (ESI S2†). We also found acceptable uorescence
stability of AIE–HBP with 1 mM concentration of HBP, with
a negligible decrease over one week atWF¼ 90% (ESI S3†). With
lower concentrations of HBP (0.5, 0.25 and 0.1 mM), less stable
AIE–HBP aggregates were found and none was stable for more
than approximately 24 h. This nding was consistent with the
results obtained from zeta potential measurements. At WF ¼
90%, zeta potentials were equal to�38.7 and�33.2 mV for AIE–
HBP and TPE-2BA respectively, indicating moderate stability of
both systems. However, an increase of approximately 15% in
BA and estimated equilibrium dissociation constants using fitted model
of strong bonds between TPE-2BA and the HBP. (d) Calculated equi-
een TPE-2BA and the HBP at different concentrations of HBP (insets:
ngside the associated chemical drawings respectively, to identify the

This journal is © The Royal Society of Chemistry 2020
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zeta potential was found for AIE–HBP compared to that of TPE-
2BA. Therefore, there was the possibility of the creation of
a secondary minimum, where adhesion between TPE-2BA and
HBP was formed via an aggregation (occulation) process
during the formation of hydrogen bonds (ESI S4†). Based on the
measured zeta potential (zeta potential >�30mV), TPE-2BA and
HBP aggregates were sufficiently stable at WF ¼ 90% not to be
broken by internal repulsion/attraction forces or Brownian
motion. Low stability was found in AIE–HBP when WFs and
HBP concentrations were <90% and <1 mM, respectively. In
Fig. 4 Particle (a) size and (b) distribution of TPE-2BA, the HBP, and A
schematic drawings of the proposed mechanisms with Route 1 and Rou

This journal is © The Royal Society of Chemistry 2020
TPE-2BA alone, a decrease in WF (<90%) resulted in the
reduction of stability (Table 1).

As can be seen, increasing the concentration of HBP (0.01–1
mM) at a specic water fraction between 70 and 90% will
increase its zeta potential values. The change in the structure of
the AIE–HBP complex is likely to be considered for this obser-
vation. It was revealed that the particle sizes for the AIE–HBP
complexes were different (Fig. 4b) across various HBP concen-
trations, leading to the formation of more stable complexes at
higher concentrations of HBP (Fig. 3d).
IE–HBP with WF ¼ 90% and different concentrations of HBP (insets:
te 2).

Nanoscale Adv., 2020, 2, 633–641 | 637
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Mechanistic study on AIE–HBP interactions and particle size
manipulation

To understand the mechanism of the formation of AIE–HBP, we
performed two further experiments, which involved hydrogen
bond strength and nanoparticle size measurement. Measure-
ment of hydrogen bond strength using isothermal titration
calorimetry revealed the formation of a strong hydrogen bond
between TPE-2BA and the HBP (Fig. 3). The addition of the TPE-
2BA/DMSO solution to the HBP/DMSO solution resulted in an
exothermic reaction (Fig. 3a) with an equilibrium association
constant equal to 9.9 � 108 mM�1. However, the formation of
TPE-2BA aggregates in DMSO was almost endothermic (Fig. 3a),
with an equilibrium association constant equal to 0.99 � 105
Fig. 5 The chemical structures of AIE–HBP at (a) high and (b) low
concentrations of HBP.

638 | Nanoscale Adv., 2020, 2, 633–641
mM�1 (Fig. 3b and c). Clearly, the formation of hydrogen bonds
between TPE-2BA and the HBP was 10 000 times stronger than
that among TPE-2BA molecules when the HBP concentration
was 1 mM. Lower equilibrium association constants were seen
when the HBP concentration decreased from 1 mM to 0.01 mM
(Fig. 3d).

We found that in the absence of TPE-2BA, the size of HBP
particles was 144 nm at concentration ¼ 1 mM. We further
realized that the impact of HBP concentration (0.01–1 mM) on
the particle size was negligible (ESI S5†). Also, we observed that
in the absence of the HBP and when WF ¼ 90%, the average
particle size of TPE-2BA aggregates was approximately 280 nm,
which was larger than that of HBP particles. During the
formation of AIE–HBP at WF ¼ 90%, we found that the size of
AIE–HBP increased from 280 nm to 630 nm when the HBP
concentration was increased from 0 to 0.5 mM. Interestingly,
the size of AIE–HBP particles decreased dramatically to 147 nm
when the HBP concentration was 1 mM. It was notable that the
AIE–HBP (WF ¼ 90%) and HBP particles were identical in size
(Fig. 4). These observations were consistent with AFM images
captured from the HBP and AIE–HBP at WF ¼ 90% with
different concentrations of HBP (ESI S6†). These ndings were
of particular importance for investigating the mechanism of the
formation of AIE–HBP. In fact, with the addition of the HBP to
the TPE-2BA solution, two routes for the formation of hydrogen
bonds are likely to occur. At low concentrations of HBP (0.01–
0.5 mM), it is more likely that TPE-2BA molecules link HBP
molecules, resulting in the formation of larger AIE–HBP parti-
cles (Route 1). The second possibility is the formation of
hydrogen bonds between TPE-2BA and HBP, leading to aggre-
gation of TPE-2BAmolecules within the HBP particles (Route 2).
Our results revealed that whenWF¼ 90%, the second route was
more likely to occur during the formation of AIE–HBP where
TPE-2BA molecules tted within the HBP structure (Fig. 4a:
insets). The associated chemical structures indicating the
proposed routes are presented in Fig. 5.
Vortex uidic device technologies further boost the
uorescence properties of AIE–HBP

As already explained, the FL intensity of AIE–HBP (1 mM)
increased 5 fold compared to that of the TPE-2BA alone when
WF ¼ 90%. In our previous study,18 we proved that the prepa-
ration of AIE particles under thin lms signicantly enhanced
the associated FL properties when a vortex uidic device (VFD)
was used. The recently developed VFD is a relatively inexpensive
research tool for controlling chemical reactivity and selectivity
and material synthesis, and for probing the structure of self-
organized systems, providing a range of benets over conven-
tional processing.19 The dynamic thin lm within the VFD
microuidic platform is generated on a rapidly rotating surface,
imparting high shear stress and micro-mixing. Typically, a glass
tube closed at one end is rotated rapidly at a 45� tilt angle with
a nite amount of liquid in the tube, either in the conned
mode of the VFD or where liquids are constantly fed into the
tube, exiting at the top, in the continuous ow mode of opera-
tion. We have successfully employed VFDs in a number of
This journal is © The Royal Society of Chemistry 2020
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diverse applications, including the fabrication of various
nanocarbon materials,20 intensied aqueous two-phase sepa-
ration for protein purication,21 manipulation of polymer
networks22 and size,18 exfoliation of graphite and boron
nitride,23 and protein folding.24 Of particular interest, we found
that the VFD is effective in controlling the size and shape of
nanoparticles, for both top-down and bottom-up processing.
Therefore, we hypothesized that the VFD is capable of
increasing the FL properties of AIE–HBP particles while
retaining approximately the associated size. To explore this
hypothesis, TPE-2BA was added to a strongly rotating tube
containing HBP (1 mM) using a VFD and the effect of different
rotation speeds on the FL intensity of the AIE–HBP was exam-
ined. As shown in Fig. 6, we found that AIE–HBP particles
prepared under thin lms in the VFD tube were signicantly
brighter than TPE-2BA particles. We observed that increasing
the rotation speed from 1000 to 3000 rpm resulted in an
increase in the relative uorescence intensity. However, the
relative uorescent intensity remained intact with rotation
speeds >3000 rpm. Interestingly, we found negligible changes in
particle size for VFD-driven AIE–HBP particles compared to
those prepared without the VFD (Fig. 6b and c). Clearly, the
formation of AIE–HBP under shear stress resulted in increased
Fig. 6 (a) The effect of rotation speed on the relative intensity of AIE–HB
HBP particles (A) before and (B) after VFD.

This journal is © The Royal Society of Chemistry 2020
penetration of AIE molecules within the HBP structure, leading
to signicantly brighter AIE–HBP particles, i.e., 70 times
brighter than TPE-2BA alone.

Based on a previous study, the size of AIE aggregates can be
tuned using a VFD, with smaller and brighter particles being
fabricated at higher rotation speeds.18 One of the main reasons
was the control of shear forces that were applied to the AIE
aggregates during rotation, a phenomenon called “AIE aggre-
gation under thin lm formation”. Therefore, the smaller AIE
particles were more likely to penetrate deep inside the structure
of HBP molecules, when a VFD was employed. This resulted in
more restriction of the inter-molecular rotation leading to
higher uorescence properties. In contrast, when AIE–HBP is
formed by a traditional mixing method, AIE molecules might
not diffuse deeply into an HBP structure and be formed mainly
in the outer region (still inside) of the HBP molecule. This was
conrmed by the measurement of the particle size of the AIE–
HBP complex before and aer using the VFD. At WF ¼ 90%, the
average particle size for the traditionally prepared AIE–HBP was
approximately 150 nm (Fig. 6b), with the relative FL intensity 38
times greater than that of TPE-2BA alone (Fig. 6a). When the
VFD was employed, the particle size for AIE–HBP reduced to
80 nm, approximately, while the relative FL intensity became 73
P (1 mM) and (b) and (c) size distribution and schematic drawing of AIE–

Nanoscale Adv., 2020, 2, 633–641 | 639
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times greater than that of TPE-2BA (Fig. 6a and c). The forma-
tion of a smaller AIE–HBP complex containing more AIE
molecules (formed inside the HBPmolecule structure) might be
the reason behind our observation. By employment of a VFD, it
is possible to form AIE–HBP complexes with particle size less
than 100 nm under optimized conditions.
AIE–HBP for biomedical applications

To further reveal the feasibility of the application of AIE–HBP in
the biomedical eld, a case study was undertaken here. The study
featured fabrication of a highly elastic hydrogel based on poly-
vinyl alcohol (PVA) having uorescence properties. Two different
hydrogels (with the same dimensions of 1 mm � 5 mm � 20
mm; t � W � L) were prepared using the thin lm formation
Fig. 7 Camera images of PVA and PVA + AIE–HBP hydrogels with and
without UV (365 nm) radiation. The concentration of HBP in PVA +
AIE–HBP was 1 mM.

640 | Nanoscale Adv., 2020, 2, 633–641
process. The control sample contained PVA alone and the other
sample included AIE–HBP at a concentration of 1 mM. Hydrogels
were attached securely to the grippers of highly precise custom-
made tension devices (ESI S7†) and stretched manually. The
magnitude of stretch was controlled by a rotating handle at the
micro-level. At different stretch magnitudes, camera images were
captured under UV light and without UV radiation (Fig. 7). We
found that failure occurred in the PVA hydrogel at strains lower
than ¼ 472%, whereas the PVA hydrogel with AIE–HBP was
signicantly more elastic. No sign of failure was observed in the
hydrogel containing AIE–HBP (1 mM) over 800% strain. The
hydrogel containing AIE–HBP exhibited uorescence properties
under different magnitudes of strain.

Our previous study revealed that TPE-2BA at a high volu-
metric water fraction (90%) has acceptable stability just for the
short term (60 min), and upon addition of TPE-2BA (without
HBP) to the structure of PVA, sparse and irregular distribution
of low emitting light regions with very small sizes (<5 mm)
appeared under microscopic observation. The emission of blue
light for PVA/TPE-2BA under the UV lamp was negligible.24 In
contrast, the TPE-2BA/HBP complex resulted in more stability
for both the TPE-2BA molecule and hydrogel and led to the
fabrication of a more light-emitting PVA hydrogel. The
mechanical properties of the PVA + AIE–HBP hydrogel are
dominant by the formation of hydrogen bonds between the OH
groups of PVA and HBP. Therefore, it is very likely that
a decrease in HBP concentration for the PVA + AIE–HBP
hydrogel, compared to the PVA hydrogel containing 1 mM of
HBP–AIE, results in a decrease in the mechanical properties.
Since the current study was aimed at creating a high uores-
cence hydrogel for biomedical applications, the study of
mechanical properties of hydrogels with a lower concentration
of HBP and different sizes of particles was excluded.

Conclusions

Overall, a simple method for the one-step preparation of an
AIE–HBP complex was presented. The method was based on the
formation of hydrogen bonds between a specic AIE molecule
and a HBP, resulting in the development of a stable AIE–poly-
mer complex. Compared to other techniques (direct polymeri-
zation or post-functionalization), the proposed technique was
much simpler. The FL properties of the nal AIE–polymer
complex were signicantly enhanced compared to those of the
AIE alone and could be tuned during the formation of AIE–HBP
by using a VFD. The as-prepared AIE–HBP could be used to
simultaneously enhance the mechanical properties of hydrogels
while enhancing uorescence properties.
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