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ABSTRACT: Understanding water-soluble and environmentally
friendly two-photon absorption (TPA) molecules benefits the
design of superior organic complexes for biomedical, illumination,
and display applications. In this work, we designed two
triphenylamine-based all-organic compounds and explored the
mechanism of enhanced TP fluorescence in water solutions for
potential applications. Experimentally, we showed that adding
protein into our TPA molecule solution can drastically boost the
TP fluorescence. Numerical simulations reveal that the TPA
molecules prefer to dock inside the protein complex. We
hypothesize that the interaction between our triphenylamine-
based all-organic compounds and water molecules lead to non-
radiative decay processes, which prevent strong TP fluorescence in
the water solution. Therefore, the protection by, for example,
protein molecules from such interactions can be a universal strategy for superior functioning of organic TPA molecules. Further
experiments and numerical simulations support our hypothesis. The present study may facilitate the design of superior water-soluble
and environmentally friendly superior organic complexes.

I. INTRODUCTION
The fast development of biomedical, illumination, and display
technologies requires more efficient and environmentally
friendly materials that emit light with different wavelengths.
Although traditional inorganic materials have been well
developed to produce light with a broad spectral range, most
of them are environmentally hazardous. Organic fluorescent
materials show great potential as a low-cost and environ-
mentally friendly alternative.1 Organic fluorescent materials
have already been used in fluorescent labeling for bio-
imaging,2−6 chemosensors,7−11 and artificial lighting.12 There
is a strong demand for new two-photon absorption (TPA)
materials for a wide range of applications, such as two-photon
microscopy,13−17 microfabrication,18,19 three-dimensional
data-storage,20,21 up-converted lasing,22,23 and photodynamic
therapy.24−26 TPA is a nonlinear effect, in which the material
usually absorbs low-energy and long-wavelength photons in the
near-infrared (NIR) range with a better penetration depth for
human tissue and cause much less damage to the TPA
molecules compared to the linear absorption effect. These
advantages benefit microscopy, photodynamic therapy, and up-
converted lasing applications. Furthermore, the light absorp-
tion rate for TPA is proportional to the square of light
intensity, and thus the TPA works only at the very center

region of a focused laser beam, which enables the micro-
fabrication and three-dimensional data storage with an even
higher operation precision compared to lithography/polymer-
ization using linear absorption materials.27,28 To facilitate these
applications, high TPA efficiency is one of the priorities for
TPA molecules. However, TPA efficiency can be dominated by
various factors. For example, the lifetime of an intramolecular
charge separation state may have a strong impact on the TPA
efficiency.29 In addition, charge transport efficiency can be also
an important factor that affects TPA efficiency.30,31 Cooper-
ative enhancement is effected through electronic and vibronic
coupling32 and appropriate energy gaps.33 Within various TPA
molecules, organic multi-branched chromophore structures
have attracted a lot of attention due to their excellent
potentials. First, because of the electronic/vibronic coupling
between different molecular branches, the TPA efficiency gets
cooperatively enhanced.34 Second, as the TPA efficiency
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increases, the optical transparency decreases, while multi-
branched structures can be the solution for such nonlinearity-
transparency trade-off.35 Third, the optical excitation on the
branches could induce efficient fluorescence resonance energy
transfer to the core, which gives a significant increase in the
fluorescence emission from the core.36 In addition, multi-
branched structures can reduce the aggregating and self-
quenching effect, which benefits the strong TP fluorescence.37

Although the high efficiency of TPA is always a prerequisite for
TPA applications and organic systems with multi-branched
structures and various types of central cores that have been
studied,38−42 it does not guarantee the superior performance of
TPA molecules in the abovementioned applications. As a more
fundamental perspective, the implementation of TPA mole-
cules for artificial lighting, microscopy, or up-converted lasing
applications is crucially dependent on how well they can
dissipate the absorbed energy in the form of light emission
instead of through non-radiative decay processes. Therefore,
understanding and designing organic TPA molecules with a
higher fluorescence efficiency become important goals.43,44 In
addition, the mass production of TPA molecules requires the
organic molecule and its solvent to be biocompatible,
environmentally friendly, and cost-efficient, which favors the
TP fluorescent molecules to be water-soluble. While it is
challenging, in principle, these requirements could be realized
through manipulation of molecular configurations.45,46 It is
non-trivial to tune the way energy is released for organic TPA
molecules while maintaining its environmental friendliness and
biocompatibility. Exploring all organic TPA molecules with
superior fluorescence emission not only can facilitate
applications of organic TPA materials but also provides a
direction for the optimization of other TPA materials.

In this work, we designed triphenylamine-based all-organic
compounds and explored the mechanism of enhanced TP
fluorescence for potential applications in organic devices.
These molecules are strongly florescent due to enhanced
chromophore density and extended conjugation by multi-
branched structures, the nitrogen lone pair that participates in
conjugation, and the terminal carbonyl group that pulls
electrons to enhance electron flow in the conjugation system.
We made the triphenylamine-based all-organic compound
become water-soluble, and to enhance the fluorescence, we
mixed proteins with our triphenylamine-based all-organic
compounds in water solution. Surprisingly, a significant
enhancement of fluorescence (as large as 40-fold) was
observed upon adding proteins to the solution. The centrifuge

experiment indicated the formation of strong and stable
assemblies of protein complexes with our designed TPA
molecules. Simulations show that the TPA molecules are more
likely to dock inside the protein, which agrees with our
centrifuge experiments. Based on our simulation results, we
hypothesize that the hydrogen bond between the triphenyl-
amine-based all-organic compounds and water creates non-
radiative decay processes between the TPA excited states and
the ground state so that the fluorescence is quenched.
However, docking of our TPA molecule inside proteins
prevents the formation of a hydrogen bond with water and
resulted in the strong enhancement of TP fluorescence. Our
experiments and numerical simulations turned out to be
consistent with our hypothesis. Our findings may serve as a
prototype for designing water-soluble and environmentally
friendly superior organic complexes for biomedical, illumina-
tion, and display applications.

II. METHODS
II.A. Synthesis and Characterization of TPA Com-

pounds 4 and 5. Chemicals including 4-vinylbenzoic acid,
diethylamine, O-(benzotriazole-1-yl)-N,N,N′,N′-tetramethy-
luronium hexafluorophosphate (HBTU), 1-hydroxybenzotria-
zole (HOBt), N,N-diisopropylethylamine (DIEA), acetic
anhydride, triethylamine, tris(4-bromophenyl)amine, palladi-
um acetate, tris(o-tolyl)phosphine, 2-aminoethanesulfonic
(taurine), 1,5-diamiopentane, egg albumin (ALB), and solvents
such as dimethylformamide (DMF), dimethyl sulfoxide
(DMSO), tetrahydrofuran (THF), and protein concentrators
PES were obtained from Fisher Scientific. Gelatin was
purchased from FLINN Scientific. Arginine, spermine, and
spermidine were ordered from Sigma Aldrich. Fetal bovine
serum (FBS) was purchased from Thermo Fisher Scientific.
Polyamidoamine dendrimer generations 0−5 (PAMAM
dendrimers G0−G5) with amine terminal groups were ordered
from Dendritech Inc. (Midland, MI, USA). Bovine albumin
was ordered from MP Biomedicals, LLC. VEGF antibody,
CD3e antibody, and fibronectin antibody were provided by Dr.
Hua Wei, Medical University of South Carolina (MUSC).

Nuclear magnetic resonance (NMR): 1H and 13C NMR
spectra of all compounds were recorded using a Varian 400
MHz spectrometer (Santa Clara, CA, USA). Matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF):
MALDI mass spectrometry data was acquired on a Voyager
DE-STR in positive ion reflector TOF mode. Samples were
mixed on target with 0.75 μL of 10 mg/mL 2,5-

Scheme 1. Synthesis of Taurine-Functionalized Water-Soluble Two-Photon Chromophores
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dihydroxybenzoic acid and air-dried. Instrument settings were
as follows: +20 kV acceleration voltage; 75% grid voltage; 150
ns delayed extraction; 100 shots per spectrum (typically 2−3
accumulated); 337 nm nitrogen gas laser; 20 Hz; 200−2000
m/z.

I.A.a. N,N-Diethyl-4-vinylbenzamide (2). To a 25 mL
round-bottom flask were added 4-vinylbezoic acid (1) (138
mg, 1 mmol), diethyl amine (148 mg, 2 mmol), HBTU (758
mg, 4 mmol), and HOBt (306 mg, 2 mmol) (Scheme 1). The
mixture was dissolved in DMSO (5 mL). The color of the
solution turned yellow immediately. DIEA (516 mg, 4 mmol)
was added to the mixture. The reaction mixture was stirred at
room temperature overnight. The reaction mixture was poured
into water and extracted with ethyl acetate (20 mL × 3). The
organic solution was isolated, dried over magnesium sulfate,
and evaporated. The residue was purified on a silica gel column
and eluted with hexanes:ethyl acetate 2:1. Pure product 2 was
obtained as an oil (0.819 g, yield 100%). 1H NMR (CDCl3,
400 MHz) δ 7.37 (d, 2 H), 7.27 (d, 2H), 6.65 (dd, 1H), 5.72
(d, 1H), 5.23 (d, 1H), 3.47 (br, 1H), 3.20 (br, 1H), 1.16 (br,
1H), 1.05 (br, 1H). 13C NMR (CDCl3, 100 MHz) 171.00,
138.28, 136.49, 136.01, 114.84, 43.23, 39.23, 14.17, 12.85.

I.A.b. (E,E,E)-Tris(4-(2-(4-N,N-diethylcarbamoylphenyl)-
ethenyl)phenyl)amine (3). To a 25 mL round-bottom flask
were added tris(4-bromophenyl)amine (210 mg, 0.437 mmol),
N,N-diethyl-4-vinylbenzamide (2) (266 mg, 1.301 mmol),
palladium acetate (29.3 mg, 0.131 mmol), and tri(o-tolyl)-
phosphine (79.8 mg, 0.262 mmol). The mixture was dissolved
in dry DMF (3 mL). Triethylamine (674.5 mg, 9.369 mmol)
was added to the solution. Nitrogen was bubbled into the
solution for 1 min to replace the oxygen in the flask.
Fluorescence was observed after the reaction was heated to
100 °C. The mixture was continued to stir under 100 °C for 3
days. The mixture was poured into water and was extracted
with methylene chloride (20 mL × 3). The organic solution
was collected and dried over anhydrous magnesium sulfate.
The solvent was evaporated. Purification of the crude product
by a silica gel column (methylene chloride:methanol 10:1)
gave the pure product (0.283 g) in yellow powder (yield:
76.4%). 1H NMR (CDCl3, 400 MHz) δ 7.52 (d, 6H), 7.43
(6H), 7.37 (6H), 7.12 (d, 6H), 7.09 (d, 3H), 7.02 (d,3H),
3.53 (br 6H), 3.31 (br 6H), 1.21 (br 18H). 13C NMR (CDCl3,
100 MHz) 171.09, 146.82, 138.40, 135.97, 131.98, 129.02,
127.61, 126.88, 126.61, 126.23, 124.29, 43.26, 39.25, 14.20,
12.96.

I.A.c. (E,E,E)-Tris(4-(2-(4-carboxylphenyl)ethenyl)phenyl)-
amine (4). Compound 3 (47 mg, 0.0554 mmol) was dissolved
in THF (2 mL). To this mixture was added a Claisen base
solution, which was made by dissolving potassium hydroxide
(0.704 g, 0.0176 mol) in water (0.488 mL) and diluting with
methanol (2 mL). The reaction mixture was heated to reflux at
a 75 °C oil bath and maintained at that temperature overnight.
The mixture was neutralized until it was slightly acidic. The
solvent was evaporated. The solid residue was loaded on a
silica gel column. The pure product was eluted with methylene
chloride:methanol 10:1 as a yellow solid (25.1 mg, yield:
66.5%). 1H NMR (CD3OD, 400 MHz) δ 7.98 (d, 6 H), 7.61
(d, 6H), 7.52 (d, 6H), 7.28 (d, 3H), 7.13 (d, 3H), 7.07 (d,
6H). 13C NMR (CD3OD, 100 MHz) 168.29, 147.01, 142.29,
132.10, 130.29, 129.80, 128.90, 127.65, 125.99, 125.82, 123.97.
MS (MALDI-TOF) m/z calcd for C45H33NO6, 683.2; found,
683.6.

I.A.d. Compound 5. Compound 4 (16 mg, 0.0234 mmol),
taurine (9.7 mg, 0.0776 mmol), HBTU (53.2 mg, 0.141
mmol), and HOBt (21.5 mg, 0.140 mmol) were dissolved in
DMSO (1.5 mL). DIEA (36.2 mg, 0.0281 mmol) was added to
the mixture. The color turned orange red immediately.
Nitrogen gas was bubbled into the solution for 1 min to
replace the air in the reaction flask. The reaction mixture was
stirred at room temperature for 2 days. The color of the
mixture turned yellow. TLC analysis indicated that all the
starting material was reacted. The reaction mixture was loaded
on a silica gel column, and the product was eluted by
methylene chloride:methanol 2:1 as a yellow solid (21.8 mg,
yield: 92.7%). 1H NMR (CD3OD, 400 MHz) δ 7.81 (d, 6 H),
7.63 (d, 6H), 7.54 (d, 6H), 7.27 (d, 3H), 7.13 (d, 3H), 7.10
(d, 6H), 3.81 (t, 6H), 3.09 (t, 6H). 13C NMR (CD3OD, 100
MHz) 168.00, 147.00, 141.10, 132.41, 132.19, 129.81, 127.56,
127.26, 125.95, 123.96, 49.88, 35.74. MS (MALDI-TOF) m/z
calcd for C51H48N4O12S3, 1004.2; found, 1004.8.

I.A.e. G5-Ac100. PAMAM dendrimer G5 (92.7 mg, 0.00349
mmol) was added to a 50 mL round-bottom flask and was
dissolved in methanol (10 mL). Triethylamine (73.5 mg, 0.542
mmol) was added to dendrimer solution and was stirred for 5
min. A solution of acetic anhydride (42.7 mg, 0.419 mmol) in
methanol (10 mL) was added dropwise. The resulting solution
was allowed to stir at room temperature overnight. The
mixture was transferred to a 100 mL stirred cell equipped with
a 10,000 molecular weight cutoff (MWCO) membrane and
was washed with phosphate buffered saline (PBS, 20 mL × 3)
and deionized water (20 mL × 3). Lyophilization of the
aqueous solution yielded the solid product (106 mg, yield:
97.1%). 1H NMR integration indicated that all 110 amino
terminal groups were acetylated. (1H and 13C NMR spectra of
compounds 2−5 can be found in Figure S3a−h in the
Supporting Information).
II.B. Optical Measurements. The TP fluorescence

measurements were carried out by combining our femtosecond
laser system (KMLabs Collegiate − Ti:sapphire Laser) and the
Ocean Optics SD2000 spectrometer. Our femtosecond laser
system delivers ultrashort laser pulses with an average power of
approximately 650 mW at a repetition rate of 90 MHz. The
pulse duration is about 50 fs. The bandwidth, estimated as the
full width at half maximum (FWHM) of the spectrum profile,
is 51 nm, and the spectrum is centered at 800 nm. The
incident laser power was measured using a digital power meter
prior to each measurement of the sample.
II.C. Sample Preparation for Fluorescence Emission

Measurement. All protein stock solutions (albumin, gelatin,
FBS, PAMAM dendrimers, and other amine compounds) were
prepared at 1.3 mg/mL in PBS buffer. Compounds 4 and 5
were dissolved in DMSO at a concentration of 0.0141 M. Both
concentrations of proteins and dyes are not optimized and can
be verified depending on the solubility of the materials and
specific application. In this research, samples of protein and
dye solutions for fluorescence measurement were made by
mixing a 5.1 μL DMSO solution of compound 4 or 5 with a
100 μL protein solution. The final concentration of dye was 6.8
× 10−4 M.
II.D. Computational Methods. The molecular docking

simulation was performed to help gain a better understanding
of the interactions behind the dye−protein florescence. The
ligands were created on ChemDraw 20.1.1 (PerkinElmer
Informatics), and the SMILES (Simplified Molecular Input
Line Entry Specification) formulas were converted into PDB
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(Protein Data Bank) files with optimized 3D structures using
Avogadro.47 The bovine serum albumin (BSA) receptor was
obtained from RCSB (Research Collaboratory for Structural
Bioinformatics) PDB (PDB ID 4F5S). The PDB files of the
ligands and proteins were converted to PDBQT files, and
appropriate ligand−dye grid coordinates were found using
AutoDock tools.48 The docking simulation was performed
using AutoDock Vina,49 and the results were interpreted with
the PyMOL Molecular Graphics System, Version 2.0
(Schrödinger, LLC).

III. RESULTS AND DISCUSSION
III.A. Experimental TP Fluorescence Spectra. The

fluorescent photons obtained with the 800 nm excitation
were collected by an optical lens and focused into a fiber
coupled spectrometer. All the samples emitted photons with a
much higher energy than the excitation photon (800 nm),
revealing that the fluorescence is a nonlinear multiphoton
absorption process. The TP fluorescence spectra for
compound 4 (Figure 1a) in PBS solution mixed with protein
FBS and ALB as well as compound 5 (Figure 1b) in PBS
solution mixed with protein FBS and ALB were all measured
under ambient conditions. Compounds 4 and 5 in PBS
solution without protein displayed a very weak TP
fluorescence with maxima at 550 nm (optical image and
spectra intensity, green spectrum in Figure 1a,b). We measured
TP fluorescence in pure water, in phosphate solution, in PBS

solution, and in HCl solution, and they all showed similar weak
TP fluorescence (Figure S1 in the Supporting Information).
However, when the proteins FBS (blue spectrum) or ALB (red
spectrum) are mixed with compound 4 or 5 in PBS solutions, a
significant enhancement of fluorescence was observed under
femtosecond laser excitation. The maximum enhancement was
as large as 40-fold: compound 5 + FBS versus compound 5
only in PBS solution. The enhancement to compound 4 when
mixed with protein was also about 35-fold. In addition, we
noticed that the fluorescence spectra of compound 4 or 5
mixed with protein in PBS are all blue shifted compared to
those of compound 4 or 5 only in PBS solutions. The images
in Figure1a,b also show that the fluorescence colors of
compound 4 or 5 with protein solutions are all green but
those of compound 4 or 5 only solutions are yellow, indicating
that the molecular interactions exist between compound 4 or 5
with protein FBS or ALB in PBS. Additionally, there is a
relative shift between the fluorescence spectra of compound 4
or 5 with protein FBS or ALB, which will be discussed later.

To understand the fluorescence enhancement with the
addition of protein in the TPA solution, we first prepared
samples under various temperatures by mixing TPA molecules
and protein in water and TP fluorescence was measured at
room temperature. Figure 2 displays the TP fluorescence
spectra for compound 4 (Figure 2a) and compound 5 (Figure
2b) mixed with protein ALB and FBS, respectively, under
different temperatures. As shown in Figure 2, the TP

Figure 1. TP fluorescence spectra for compounds (a) 4 and (b) 5 in the PBS solution mixed with protein FBS and ALB under the excitation of 800
nm femtosecond laser. Insets of (a) and (b) are the images of TP fluorescence for the six samples with the same dye and protein concentrations.

Figure 2. TP fluorescence spectra for (a) compound 4 and (b) compound 5 mixed with protein ALB and FBS under different temperatures. Insets
of (a) and (b) are the plots of fluorescence peak intensities as a function of temperature. All the two-photon fluorescence spectra were measured at
room temperature. The temperatures listed in the figure are the protein and TPA molecule mixture preparation temperatures.
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fluorescence spectra of compounds 4 and 5 are temperature-
dependent. We plot the peak intensities of TP fluorescence
spectra as a function of mixing temperature in the inset of
Figure 2a,b for compounds 4 and 5, respectively. Apparently,
the maximum fluorescence intensity first increases and then
starts to decrease with increasing mixing temperature. The
optimal fluorescence intensity appears around 60 °C for both
molecules. This trend suggests that there is an interaction
between TPA molecules and protein that is crucial to the TP
fluorescence when they are mixed in the water solution. The
process can be hypothesized as follows: when mixed at a
comparatively low temperature, the majority of TPA molecules
may not reach the best interaction position with proteins since
temperatures highly affect the orientation of the protein
complex. However, when the temperature is increased, most of
the TPA molecules receive more kinetic energy so that they are
able to find the optimal interaction position with protein. Also,
proteins are likely to start unfolding upon increasing the
temperature, increasing molecular interactions. If the temper-
ature is further increased, the denaturation of the protein starts.
Indeed, it is known that BSA starts to denature around 60
°C,50 which is consistent with the observations reported in
Figure 2.
III.B. Numerical Docking Simulation. To further under-

stand the interaction between the dye and protein molecules,
we employed numerical calculations to simulate the docking of
dye molecules in proteins. Based on our experimental results,
the solution containing the dye and fetal bovine serum (FBS)
solvent showed a significant increase in the intensity of
fluorescence compared to dye in PBS solution. FBS is often
used as a growth supplement for cells and contains a high
protein concentration and other components such as electro-
lytes, hormones, lipids, and carbohydrates. Since FBS solvent
contains various components (proteins), the docking proce-
dure cannot be used to analyze FBS and the dye directly.
However, bovine serum albumin (BSA) is the major protein in
FBS (2.5 mg/mL) and indeed we also see the fluorescence
enhancement when dye is mixed with BSA only (Figure S2 in
the Supporting Information). Therefore, the docking simu-
lations were performed on compounds 4 and 5 with BSA as
the receptor. Figure 3a,b displays the docking simulation
results for compounds 4 and 5 with BSA, respectively. BSA is
in cyan with the side chains histidine, lysine, and arginine
residues in light orange. Compounds 4 and 5 are in purple,
gray, and red colors. The best affinity binding states for the

docking for compounds 4 and 5 with BSA are shown in Figure
3. Although the orientations of docking for compounds 4 and
5 are slightly different (Figure 3a,b), both compounds are
largely enclosed by BSA and they are situated inside the BSA
hydrophobic core. In previous research describing the
interaction between dye and water molecules, researchers
have demonstrated that the existence of water molecules
strongly quenches the fluorescence through the nonradiative
relaxation process.51 In our case, the solution without protein
displayed a very weak fluorescence. After docking with protein
molecules, the highly hydrophobic environment inside BSA
where dye molecules dock seems to contribute to the
enhancement of fluorescence from dye molecules. Therefore,
we hypothesize that the interaction of BSA with the dye
molecules would isolate the dye from interacting with water
molecules, preventing the quenching of fluorescence.
III.C. TP Fluorescence and Numerical Simulation of

Docking with Dendrimers. To further test our hypothesis,
the TP fluorescence measurements were performed for dye
compound 5 in solutions containing polyamidoamine
(PAMAM) dendrimers. The PAMAM dendrimers are hyper-
branched polymers with terminal amine groups. As the
generation increases, the complexity and size of the dendrimer
increase. We expect that the interaction between dye molecules
and dendrimers with evolving complexity would create a
similar hydrophobic docking environment, which enhances the
fluorescence strength. Figure 4a shows the TP fluorescence
spectra for dye compound 5 mixed with different dendrimers.
As the complexity of the dendrimers increases, a significant
enhancement of the TP fluorescence can be observed. Figure
4b shows the maximum fluorescence intensity as a function of
amino functional group number (indicating the increasing
complexity of the molecule) in the dendrimers. Guided by the
red solid line in Figure 4b, although the fluorescence intensity
increases, it is obvious that the enhancement starts to slow
down when the dendrimer becomes increasingly complex. This
indicates that the fluorescence cannot be infinitely enhanced
but has a saturation level as the generations of the dendrimer
increases. To obtain further insight, we employed simulations
again to dock compound 5 with three different PAMAM
dendrimer molecules, as shown in Figure 4c. Specifically, we
docked compound 5 molecules with generation 1 (G1),
generation 3 (G3), and generation 5 (G5) PAMAM
dendrimers because of the increased complexity through
generations. According to the simulation results, although
dye compound 5 interacts with the G1 dendrimer, it is largely
exposed to the solvent environment. The G3 dendrimer
encloses nearly half of the volume of dye compound 5, while
the G5 dendrimer almost completely encloses the dye
molecule, similar to the docking with BSA. The simulation
results indicate that G1 does not efficiently prevent compound
5 from interacting with the solvent environment. G3 only
partially encloses compound 5, which still allows some level of
dye interaction with the solvent environment. G5 entirely
encloses compound 5, which best protects the dye from the
solvent environment. As the generation increases, the dye
molecules experience a stronger hydrophobic environment,
which makes it less likely to interact with the solvent
environment. Since the dye and dendrimers are all in the
water solution, water molecules potentially provide most
interactions in our experiments. Previous results reveal that
interaction of the dye molecules with water decreases the
intensity of the fluorescence significantly.51 Therefore, our

Figure 3. Docking simulation of dye molecules with BSA. (a)
Compound 4 docking with BSA. (b) Compound 5 docking with BSA.
The lysine, arginine, and histidine side chains are in light orange,
while the protein is in cyan. The simulation figure shows the best
affinity of protein−ligand binding. A total of nine binding states were
performed, and their relative affinity is included in the Supporting
Information (Tables S1−S3).
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results strongly suggest that the interactions between
dendrimers (or protein molecules) and the dye molecules
prevent the dye from interacting with water molecules. The
dendrimers (or protein molecules) allow for the dye to be
settled in its hydrophobic core where water interactions are
minimal. Since the interaction between dye and water
molecules may induce more non-radiative decay processes in
TPA, the assembly of dye molecules and dendrimers (or
protein molecules) can successfully recover the strength of TP
fluorescence. This also explains the fluorescence enhancement
trend (red solid line) in Figure 4b. As the dye molecules are
better protected by more complex dendrimer molecules, the
enhancement of fluorescence slows down. Once the interaction
between the dye and water molecule are completely
eliminated, the fluorescence stops to increase. However, it is
hard to fully eliminate such interactions in the aqueous
solution.
III.D. TP Fluorescence in Different Solvents and

Centrifuge Experiments. To understand the interaction
between dye and water molecules that is detrimental to the

fluorescence, we first hypothesize that hydrogen bonds
between the solvent and the TPA molecule contribute to the
TP fluorescence quenching since it is the most common
interaction in aqueous solutions. As shown in Figure 5a, the
fluorescence spectra of compound 5 in water (PBS), in
methanol, and in DMSO are prepared and the TP fluorescence
spectra for the three samples are presented. We have also tried
acetone and THF solutions, but we did not show the data
because the TPA molecules were not well soluble in these two
solvents. Compared to the dye in the water solution, the
fluorescence of dye molecules in methanol and DMSO
solution was much stronger. The dye molecules in DMSO
show the best fluorescence. The reason for choosing these
three different solutions is based on their ability to form
hydrogen bonding with our dye molecules. It is well known
that organic molecules can easily form hydrogen bonds in the
water solution (PBS), but it is harder to form hydrogen bonds
in methanol and DMSO. Therefore, the results confirm that
the more the hydrogen bonds form between dye and water
molecules in the solution, the weaker the fluorescence. This

Figure 4. TP fluorescence spectra and docking simulation for compound 5 with dendrimers. (a) Measured TP fluorescence spectra. (b) Maximum
fluorescence intensity plot as a function of amino group number in the dendrimers. We use the number of amino groups in dendrimers as an
indicator of the complexity of the molecule. The red solid line is a guide to the eye. (c) Docking simulation of PAMAM G1, G3, and G5
dendrimers with dye compound 5. G1 represents the “generation 1” PAMAM dendrimer where the fluorescence of the compound is largely
exposed to the solvent environment. G3 represents the “generation 3” PAMAM dendrimer where the majority of compound 5 interacts with the
dendrimer. G5 represents the “Generation 5” PAMAM dendrimer, which largely encloses compound 5 and prevents the dye from the solvent
environment. A total of nine binding states were performed, and their relative affinity is included in the Supporting Information. (Tables S1−S3).
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supports our hypothesis that the enhancement to the
fluorescence of the TPA molecule and protein assembly in
the water solution is due to the isolation of TPA molecules by
protein from the water molecules. Now the question can be
where is this hydrogen bonding formed? Based on our
experimental and simulation results, the tri-anionic species at
the end of the TPA molecule does not seem to contribute
much to the fluorescence quenching or restoration since it
docks with dendrimers with different sizes but the fluorescence
enhancement only happens when the TPA molecule can be
almost fully wrapped up. Therefore, it is more likely that the
fluorescence emission intensity is greatly influenced by
hydrogen bonding of the nitrogen core with water molecules.
This localizes the lone pair electrons on nitrogen and limits the
electron flow in the conjugation system, resulting in a decrease
of florescence. This also explains the enhanced fluorescence
upon adding protein molecules because the hydrophobic
pocket of protein wraps the TPA molecules, preventing water
molecules from accessing and forming a hydrogen bond with
the nitrogen core. A more detailed mechanism of hydrogen
bond influence on the electronic system in the TPA molecule
can be revealed by further experiments and first-principle
calculations, which will be carried out in our following work.

For the application purposes, we tested the strength of
assembly between TPA molecules and protein in the water
solution. We did the centrifuge experiment to compound 5
mixed with FBS. The centrifuge speed was 15,000 RPM, with a
centrifuge time of 3 min. The centrifuge filter in our
experiment only allows compositions with a molecular mass
less than 10,000 g/mol to pass through. The protein usually
has a large molecular mass, which cannot pass through the
filter, while the dye molecule’s molecular mass is less than
10,000 g/mol, which can easily pass through the filter if it is
not strongly interacting with the protein. Based on the
structures of proteins and the functional groups on the TPA
molecules (negative charge on sulfate groups, polar amide
groups, and hydrophobic phenyl vinylene groups on the arms),
the interactions between protein and the dye could be a
combination of an ion−ion or ion−dipole interaction, dipole−
dipole interaction, hydrogen bonding, and dispersion forces. In
addition, our further simulation (Figure S4 in the Supporting

Information) shows that the vast majority of interactions are
between the molecule’s backbone and protein residues (either
polar or non-polar). It is because of the overall effect of these
interactions that the TPA molecules are firmly anchored inside
protein molecules. Therefore, if the interaction between the
TPA molecule and protein is strong enough, the TPA molecule
should stay with protein without passing through the filter.
Here, we define the “solute” as the composition that cannot
pass through the filter and “residue” as the composition that
passes through the filter after centrifuge experiments. As shown
in Figure 5b, the TP fluorescence strength for solute is much
stronger than that for residue and that for mixture before the
centrifuge experiments. The results suggest that most of the
dye molecules stay in the solute bonded with protein,
contributing to the strong TP fluorescence. To further confirm
this argument, we exhibited the image of residue and solute
after centrifuge experiments in the inset of Figure 5b. The
residue that passes through the filter is colorless and
transparent, while the solute is yellow. According to the inset
of Figure 1a, the dye molecule in the water solution without
protein is also yellow. This proves that the majority of the dye
molecules strongly bond with protein and they cannot pass
through the centrifuge filter. Therefore, the assembly of the
TPA dye and protein molecule is sturdy enough for future
potential applications. To further boost the TP fluorescence
and facilitate the application, strategies such as using
plasmonics to enhance the nonlinear effects can be carried
out, which can be very interesting and promising.52,53

IV. CONCLUSIONS
In summary, the fluorescence quenching in the presence of
water is an important effect that must be taken into account
while designing water-soluble, environmentally friendly, and
high fluorescence efficiency TPA molecules. We showed that
the TP fluorescence of the present water-soluble triphenyl-
amine-based all-organic compounds can be heavily boosted by
the addition of protein molecules in water solution.
Experimental and numerical simulation results support our
hypothesis that blocking the formation of hydrogen bonds
between the TPA and water molecules could be the cause of
strong enhancement of TP fluorescence.

Figure 5. Solvent-dependent TP fluorescence and centrifuge experiments. (a) TP fluorescence spectra of dye compound 5 in PBS, methanol, and
dimethyl sulfoxide (DMSO). (b) TP fluorescence spectra for samples in the centrifuge experiments. The inset shows the image of residue
(compositions that pass through the centrifuge filter) and solute (compositions that cannot pass through the centrifuge filter) after centrifuge
experiments.
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