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ty and Ins
A B S T R A C T

Peptide self-assembled nanomaterials have attracted more and more attention due to their wide
applications such as drug delivery, cell imaging, and real-time drugmonitoring. However, the application
of the peptide is still limited by its inherent optical properties. Herewe proposed and prepared a series of
fluorescent tripeptide nanoparticles (TPNPs) through p-p stacking and zinc coordination. The
experimental results show that the nanoparticles (TPNPs1) formed by the self-assembly of the
tripeptide tryptophan-tryptophan-tryptophan have the highest fluorescence intensity, uniform and
appropriate size, and low cytotoxicity. Furthermore, there was fluorescence resonance between TPNPs1
and doxorubicin, which has been successfully applied for real-time cell imaging and drug release
monitoring.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Over the past decade, nanoparticle-based delivery systemshave
been extensively explored in biomedical fields for the prevention,
diagnosis, and treatment of diseases [1–4]. The nanoparticle
systems have unique properties that can increase drug solubility,
enhance drug targeting, modulate release profile, load, and deliver
multiple drugs simultaneously [5–8]. Compared with the use of
inorganic nanoparticles for drug delivery, the low toxicity and easy
degradation of peptide nanoparticles give them a greater advan-
tage in biomedical applications [9–12]. On this basis, peptide
nanoparticles with fluorescent properties are widely used for
bioimaging and nanocarriers due to their unique optical proper-
ties, but the inherent optical properties of peptides limit further
applications [13–16]. It has been proposed to use quantum dots to
modify polypeptides to change their optical properties, but the
high cytotoxicity limits their application [17–19]. Although organic
fluorescent dyes could be used to modify polypeptides, the high
specificity makes the limitation of their applications [20].
Fortunately, by regulating the self-assembly process, the optical
properties and morphology of the nanoparticles formed by
peptides can be changed. Therefore, it is very important to
synthesize peptide nanoparticles with new optical properties by
regulating the self-assembly environment.

Previously, it has been reported that zinc-coordinated fluores-
cent dipeptide nanoparticles can be used as functional nanoprobes
titute of Materia Medica, Chinese
for targeted cancer cell imaging and real-time monitoring of drug
release [14]. Moreover, cyclic peptide self-assembled fluorescent
nanoparticles also have been demonstrated for the treatment of
esophageal cancer [15]. According to previous reports, it was
known that by initiating the interaction between ions and
peptides, zinc ions could be pulled into a peptide-rich low-
dielectric environment to form a more complex ordered structure,
which can enhance fluorescence and promote peptide self-
assembly [21]. The p-p stacking between benzene rings of chiral
amino acids also can provide a driving force for peptide self-
assembly [22–24]. Similarly, the green fluorescent protein (GFP) in
nature has a p-p stacking phenomenon due to the mutation of
threonine at position 203 to tyrosine, which in turn causes the
fluorescence to shift to the red spectrum to obtain yellow
fluorescent protein (YFP) [25]. It is also the mutant with the
longest emission wavelength among all GFP mutants. Therefore,
p-p stacking can be used to regulate the fluorescence properties of
peptide nanoparticles while promoting the self-assembly. More-
over, BFPms1, one of the GFP mutants, could enhance the
fluorescence due to its high affinity with zinc ions. Therefore,
the fluorescence can be enhanced by zinc ions.

Inspired by the above mechanisms, we proposed to use the
metal ion coordination and the p-p stacking effect to regulate the
fluorescence properties of the peptide assembly and explore its
role in drug delivery and cell imaging. On this basis, we first
selected linear tripeptide as the self-assembly unit to prepare
tripeptide nanoparticles (TPNPs). The results showed that under
ultraviolet light, TPNPs can stimulate fluorescence in the visible
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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region. Moreover, the emission region of TPNPs overlaps with the
excitation region of doxorubicin (DOX), indicating that TPNPs can
be utilized as a fluorescent probe to monitor DOX release in real
time. The complex formed by TPNPs and DOX can release DOX in
low concentration environment, the results also demonstrated
that TPNPs could be used as a nano-platform for cancer cell
imaging and drug delivery applications.

Detailed experimental procedures are shown in Supporting
information. In this experiment, fluorescence properties of self-
assembled peptide nanoparticles were regulated by using the p-p
stacking interaction and metal ion coordination effect under the
appropriate pH environment. Among the three aromatic amino
acids, tryptophan has the highest number ofp electrons, which can
provide delocalized electrons for fluorescence. At the same time,
thep-p stacking between tryptophan benzene rings can be used as
the self-assembly driving force while promoting the change of
optical properties. Therefore, three kinds of tripeptides containing
natural aromatic amino acids and one candidate containing no
aromatic amino acids for the experiment were selected: WWW
(Trp-Trp-Trp), WWE (Trp-Trp-Glu), WEW (Trp-Glu-Trp), and EEE
(Glu-Glu-Glu) respectively. To illustrate the molecular weight of
the peptide and understand the four tripeptides more intuitively,
mass spectrograms of the four tripeptides were obtained (Figs. S1–
S4 in Supporting information).

A series of experiments were carried out to investigate the
relationship between the self-assembly process and the optical
properties of the reactive TPNPs. The optical properties were
characterized by the fluorescence emission spectrum of TPNPs. At
the very beginning, WWW was used to prepare TPNPs1 to verify
the importance of metal ion coordination and the importance of
heating. In addition to designing and manufacturing peptide
nanoparticles according to the normal process, a control experi-
ment without heating and Zn(II) was also established. According to
the results, under the excitation light of 370nm, the fluorescence
emission peak of TPNPs1 is about 515nm (Fig. 1a), which is a green
light in the visible light range. Compared with no Zn(II)
coordination, Trp-Trp-Trp monomer, and reaction at room
temperature (RT), the TPNPs obtained with Zn(II) coordination
and heating have an obvious higher fluorescence intensity and the
fluorescence peak is around 515nm. In comparison, almost no
[(Fig._1)TD$FIG]

Fig. 1. Optical characterization of TPNPs. (a) Fluorescence emission spectra of
WWW self-assembly with Zn(II) coordination, WWW self-assembly without Zn(II)
coordination, WWW monomer, WWW self-assembly with Zn(II) coordination at
room temperature (RT). (b) Fluorescence emission spectra of WWW self-assembly
(TPNPs1) with the coordination of Zn(Ⅱ), Cu(II), Co(II), and Fe(II), respectively. (c)
Fluorescence emission spectra of WWW self-assembly (TPNPs1) with 1, 0.1,
0.01mol/L NaOH and 0.01mol/L HCl, respectively. (d) Fluorescence emission
spectra ofWWWself-assembly (TPNPs1),WEW self-assembly (TPNPs2),WWE self-
assembly (TPNPs3), EEE self-assembly (TPNPs4).
fluorescence was produced in other groups. These results
demonstrated that the reaction system of Zn(II) coordination
and heating is necessary for the self-assembly of TPNPs1. In the
process of self-assembly, Zn(II) and tripeptide are energy-favorable
for assembly by initiating the interaction between ions and
peptides. So, Zn(II) is pulled from the environment to a low
peptide-rich in the dielectric environment, and form amore highly
complex ordered structure which promoting the self-assembly of
the tripeptide. The quantum confinement phenomenonmay occur
result from the self-assembled building blocks of Zn(II) andWWW
tripeptide in sub-nano-scale coordination. The quantum confine-
ment phenomenonmay also lead to the red shift of TPNPs1 and the
fluorescence of visible light region.

Moreover, the reaction system becomes more active because of
the heating, which speeds up the rate of movement of the
molecules, provides the energy for self-assembly, and speeds up
the self-assembly. In addition to Zn(II) coordination, various metal
ions (Co(II), Cu(II), Fe(II)) were also applied to the self-assembly
conditions of tripeptide nanoparticles. It can be seen that the
fluorescence emission of the tripeptide coordinated by Co(II),
Cu(II), and Fe(II) (Fig. 1b) is not significantly enhanced, while the
fluorescence enhancement of Zn(II) is the largest. The transition
metal ion Zn(II) could form a rigid chelate structure with the
peptide due to the highest polarizability of Zn(II) among these
metal ions while limiting further energy dissipation during
thermal relaxation and obtaining stronger fluorescence. Later,
the relationship between pH values and the fluorescence intensity
of self-assembled TPNPs1 was explored by controlling the
concentration of NaOH utilized in the experiment. It was found
that the fluorescence intensity of TPNPs1was the highestwhen the
NaOH concentration was 0.01mol/L. When the reaction environ-
ment became weak acidic, almost no fluorescence was generated.
These results indicate that the weakly acidic environment is not
suitable for WWW self-assembly, and the weakly alkaline
environment is more favorable for self-assembly (Fig. 1c). Besides,
in order to imitate the complex ionic environment in the organism,
PBS was selected as the solvent to re-dissolve the initially obtained
TPNPs1 precipitate. In addition, to understand whether it is the
ionic environment or the pH has a great influence on the
fluorescence intensity, water with a pH of 7.4 and pure water
were selected (Fig. S5 in Supporting information). The TPNPs1 in
PBS had the lowest fluorescence intensity, while the fluorescence
intensity of TPNPs1 in deionized water and pH 7.4 water solution
was similar. It is speculated that the complexion system in PBSmay
affect the fluorescence intensity. Therefore, the optimal condition
for the self-assembly of theWWW tripeptide is at amixed solution
of MeOH and 0.01mol/L NaOH by heating with Zn(II) coordination
at 85 �C.

Finally, four types of TPNPs were prepared under similar
conditions determined in the previous experiment. The tripeptide
nanoparticles self-assembled from WWW, WEW, WWE, and EEE
are TPNPs1, TPNPs2, TPNPs3, TPNPs4, respectively. In terms of the
results, it can be found that different types of TPNPs all have a
fluorescence peak at 515nm, which is green fluorescence in the
visible light range (Fig. 1d). TPNPs1 with the most aromatic amino
acid residues has the highest fluorescence intensity, while TPNPs4
with amino acid residue side chains that do not contain a benzene
ring has the lowest fluorescence intensity. The fluorescence
intensities of TPNPs2 and TPNPs3 with moderate aromatic amino
acids are in between. It is proved that in the process of self-
assembly of TPNPs, in addition to the delocalization of electrons
caused by hydrogen bonding so that low-energy electrons can be
utilized by Zn(II) coordination, p-p stacking interaction also plays
a considerable role. The benzene ring can serve as a driving force
for self-assembly and increase the polarizability of electrons,
which also enhances the fluorescence of TPNPs.
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To understand themorphological characteristics of TPNPsmore
intuitively and determine their potential as drug carriers or
fluorescent probes, four types of TPNPs were observed by atomic
force microscopy (AFM), and the potential crystal structures of
TPNPs1were obtained by transmission electronmicroscopy (TEM).
To better observe the morphology of peptide nanoparticles, a
dilution operation was applied to the obtained TPNPs solution to
prevent the accumulation of peptide nanoparticles. As shown in
the AFM image, TPNPs1 are spherical particles with a relatively
uniform size (Fig. 2c). From the TEM images, it can be seen that the
diameter of TPNPs1 is about 5nm (Figs. 2a and b). This is also
consistent with the sub-nano-scale coordination of Zn(II) and
tripeptide previously speculated. Compared with previous self-
assembled peptide nanoparticles, this diameter is already small
enough, which means that TPNPs1 can enter the cell more easily,
and has the potential to be used as a drug carrier or fluorescent
probe. TPNPs2 are irregular particles, and the diameter is much
larger than TPNPs1 (Fig. 2d). Regardless of the degree of
uniformity, the particle size or fluorescence intensity is also not
as good as TPNPs1. The larger particles make it more difficult for
TPNPs2 to enter the cell, which is not an ideal choice for nano-drug
carriers. TPNPs3 even showed random fibrous self-assembly
(Fig. 2e), which made it hard to be used for nanomedicine. The
average diameter of TPNPs4 (Fig. 2f) is about 10nm, but the particle
size is not standardized, and the fluorescence intensity is not
superior to other TPNPs. Through TEM and AFM images, it can be
found that TPNPs1 is not only stronger than other peptide
[(Fig._2)TD$FIG]

Fig. 2. Morphological characteristics of TPNPs. (a) The TEM images of TPNPs1 show
uniform spherical nanoparticles. (b) The crystal structures of TPNPs1. (c) The AFM
image of TPNPs1. (d) The AFM image of TPNPs2 shows uneven flat nanostructures.
(e) The AFM image of TPNPs3 shows fibrous nanostructures. (f) The AFM image of
TPNPs4 shows uneven spherical nanoparticles.
nanoparticles in terms of particle uniformity but also has a large
advantage in particle size.

Previously, it has beenproposed to use natural nanoparticles for
drug delivery and cell imaging, and researchers also used dipeptide
nanoparticles similar to tripeptide nanoparticles for targeted
cancer cell imaging and real-time monitoring of drug release [14].
Inspired by the above study, TPNPs were explored as a drug carrier
for cell imaging and drug monitoring. The common anthracycline
chemotherapy drug DOXwas selected to conjugatewith TPNPs. An
equal amount of DOX solutionwas mixed with four types of TPNPs
and incubated in a shaker at 37 �C for 12h. After that, the mixed
solution was taken out and centrifuged to obtain a precipitate of
supernatant and TPNPs +DOX. The color of the supernatant
obtained by centrifugation can clearly show the binding efficiency.
The darker the color in the supernatant, the lower the binding
efficiency of TPNPs and DOX. It can be seen that the binding
efficiency of TPNPs1 and DOX is the highest, while the binding
efficiency of TPNPs4 and DOX is the lowest (Fig. S6 in Supporting
information). The level of binding efficiency can also be learned
according to the color depth after re-dissolving the TPNPs+DOX
precipitate (Fig. S7 in Supporting information). The fluorescence
emission pattern obtained by the fluorescence intensity of the
supernatant also could verify the results (Fig. 3a). It can be
intuitively found that the results are consistent with the
speculation. It has been known from previous reports that DOX
and aromatic amino acid-containing peptide nanoparticles are
combined by electrostatic interaction and p-p stacking interac-
tion, but TPNPs4 do not contain aromatic residues, so it may be
combined with DOX only by electrostatic interaction. According to
DLS data (Figs. S8–S11 in Supporting information), TPNPs1 and
TPNPs4 are negatively charged, which can be better conjugated
with DOX due to their positive charge. Interestingly, TPNPs2 has
almost no charge, and TPNPs3has a weak positive charge, which
means that the binding efficiency of TPNPs3 and TPNPs4 to DOX
should be lower than TPNPs4. However, both TPNPs2 and TPNPs4
had a higher binding ratewith DOX thanTPNPs4.We speculate that
the p-p stacking interaction between TPNPs and DOX is stronger
[(Fig._3)TD$FIG]

Fig. 3. Characteristics of TPNPs +DOX. (a) Fluorescence emission spectra of residual
DOX in the supernatant after DOX conjugation with different TPNPs. (b)
Fluorescence emission spectra of DOX before and after conjugation with TPNPs1
shows fluorescence quenching occurred at 595nm. (c) Characterization of the
release of DOX from the TPNPs1 + DOX conjugates. (d) Toxicity evaluation and
comparison for the control, TPNPs1 + DOX, and free DOX against Hela cells. The AFM
images of TPNPs1 (e) and TPNPs1 + DOX (f).
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Fig. 4. Representative fluorescence images of Hela cells incubated with TPNP1+
DOX conjugates. After 1 h, only negligible fluorescence was discovered. After 3h,
relatively strong intensity of the TPNPs1 + DOX (right part, Ex: 370nm, Em:
600nm), TPNPs1 + DOX (left part, Ex: 370nm, Em: 515nm) and free DOX (Ex:
480nm, Em: 600nm) was seen, which can be attributed to more DOX releasing
from the TPNPs1 + DOX conjugates and more TPNPs1 + DOX entering in the cells.
Green, the fluorescence signal of the TPNPs1 and TPNPs1 + DOX; red, the
fluorescence signal of DOX and TPNPs1 + DOX.
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than the electrostatic effect. Therefore, when TPNPs2 and TPNPs3
conjugated to DOX, the effect of p-p stacking offsets the adverse
effect caused by the charge, resulting in a higher binding rate than
TPNPs4.

Through the above experiments, among the four nanoparticles,
TPNPs1 not only has the highest fluorescence intensity, but also
has the highest binding efficiency with DOX, which meets the
requirements of the experiment to the greatest extent. So, the
TPNPs1 was selected to further explore its biomedical applica-
tions. To determine whether TPNPs1 and DOX are indeedmutually
conjugated, the fluorescence spectra were applied in the process.
Compared with Free DOX, the fluorescence intensity of TPNPs1 +
DOX at the same dox concentration decreased significantly due to
the fluorescence quenching at 595nm (Fig. 3b), which also proves
the interaction between TPNPs1 and DOX. In this process, we
found an interesting phenomenon: the light emission area of
TPNPs1 overlaps with the excitation light area of DOX, which
means there is a fluorescence resonance phenomenon between
them. Therefore, it is proposed that the TPNPs1 could be used to
monitor the release of DOX in real time from TPNPs1 + DOX. The
AFM images of TPNPs1 + DOX (Fig. 3f) showed larger nanoparticles
than TPNPs1 (Fig. 3e), which demonstrated the conjugation
between TPNPs1 and DOX. To study the feasibility of TPNPs1 for
drug delivery and release, we set equal amounts of free DOX and
TPNPs1 + DOX into dialysis tubes respectively, and then put them
into PBS solution for sustained release experiment. At regular
intervals, a 1mL PBS solution was taken to detect the fluorescence
intensity of DOX, to determine the released amount of DOX in PBS.
The release rate was calculated according to the absorption
intensity and a trend graph was drawn (Fig. 3c). It can be seen that
free DOX is released at 12h, while TPNPs1 released 60% of DOX
and still released slowly after 24h. The results indicated that
TPNPs1 can release most of the DOX into the environment and can
be used for long-term treatment of lesions. The longer sustained
release time allows the drug tomaintain a high concentration for a
long time, preventing the problem of the short half-life of the drug
due to metabolism or other reasons. A longer half-life can reduce
the frequency of drug use and improve the utilization rate of the
drug during treatment. Afterward, to study the cytotoxicity of
TPNPs1, a cytotoxicity test was conducted. The cell viability after
incubating with Hela cells using TPNPs1 and TPNPs1 + DOX at four
concentrations of 0,1,10, and 100mg/mL, respectively. TPNPs1 still
has very low cytotoxicity even at the highest concentrations, and
TPNPs1 + DOX still retains its killing effect on cells even at lower
concentrations (Fig. 3d). These results demonstrated that TPNPs1
can indeed be used as a peptide nanoparticle that is not harmful to
health, while the DOX carried can remain its killing effect on
cancer cells.

Cellular imaging of Hela cells incubatedwith TPNPs1 + DOXwas
recorded through confocal microscopy, which clearly showed the
function of TPNPs1 + DOX in cell imaging and monitoring of drug
release (Fig. 4). After 1h incubation, only weak fluorescence was
observed. With the extension of incubation time, more TPNPs1 +
DOX entered the cell, and TPNPs1 also released more DOX.
Therefore, the fluorescence signals of TPNPs1 and DOX are
increasing. The fluorescence of TPNPs1 is highly coincident with
the DOX fluorescence signal. According to Fig. 3b, it can be learned
that there is fluorescence resonance between TPNPs1 and DOX. In
Fig. 4, it can be clearly observed through fluorescence intuitively.
When the excitation was 370nm, TPNPs1 should emit green
fluorescence (515nm), and 480nm excitation can excite free DOX
to emit red fluorescence. When 370nm excitation was used to
irradiate the TPNPs1 + DOX, the red fluorescence (600nm) emitted
by DOX in the nanocompositewas also received. Therefore, there is
an energy transfer between TPNPs1 and DOX, which is fluores-
cence resonance.
In summary, this study developed several new tripeptide
nanoparticles based on zinc coordination and p-p stacking.
According to the fluorescence intensity and the binding rate with
DOX, TPNPs1 prepared by tripeptide containing only tryptophan
residue was the best option for bio-imaging and drug delivery
applications. These self-assembled tripeptide nanoparticles all can
stimulate green visible fluorescence under ultraviolet light.
Besides, in vitro cytotoxicity tests have confirmed that the
nanoparticles have almost no toxic effect on cells, but the delivered
DOX has a strong killing effect on cancer cells. In conclusion, the
current work proves that tripeptide self-assembled nanoparticles
can be used for cell imaging and real-time drug monitoring while
delivering drugs, which also opens up a new avenue for design and
prepare fluorescent nanoparticles for bioimaging and drug
delivery applications.
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