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ABSTRACT: Amphiphilic mPEG-modified peptide nanoparticles were devel-
oped from oligo-phenylalanine (OPhe) nanoparticles (NPs) synthesized via
papain. Tyndall effects indicate that OPhe NPs are amphiphobic. Addition of
protein perturbants, sodium dodecyl sulfate (SDS), and urea, in the dispersion
solution of OPhe NPs can significantly reduce the Rh,m value of NPs, from
approximately 749.2 nm to about 200 nm. Therefore, the hydrophobic interaction
and hydrogen bonding play major roles in maintaining the aggregation of OPhe
NPs. Using the “grafting to” method, the methoxypolyethylene-modified OPhe
NPs (mPEG-g-OPhe NPs) were synthesized and characterized by Fourier
transform infrared spectroscopy (FTIR), 1H NMR, electrospray ionization mass
spectrometry (ESI-MS), and dynamic light scattering (DLS). The attenuated total
reflectance (ATR) spectrum of OPhe NPs and mPEG-g-OPhe NPs demonstrate
that the secondary structures of these NPs are mainly β-type. mPEG-g-OPhe NPs
can self-aggregate into spherical micelles both in water and cyclohexane. Increasing the chain length of the mPEG moiety, the critical
micellar concentrations of mPEG-g-OPhe NPs increased in water but decreased in cyclohexane. The light stability, thermal stability,
hydrolysis stability, and encapsulation stability of curcumin were significantly promoted by encapsulation in the micelles formed by
mPEG-g-OPhe NPs. The protective effects regularly varied with the variations in the mPEG chain length of mPEG-g-OPhe NPs.

■ INTRODUCTION
Peptides constitute a rapidly growing class of materials in
different fields from electronic to nanomedicine.1,2 Solid or
liquid phase peptide synthesis methods are well established for
the preparation of peptides from specific amino acids.3,4 Due
to the required protection/deprotection and coupling steps
and the use of toxic solvents, chemical syntheses generally
result in high-cost processes. Recombinant protein expression
allows protein engineering of desired sequences into micro-
organisms and production by fermentation. However, micro-
organisms often poorly express repetitive peptides, especially
cationic or hydrophobic peptides.5 Enzymatic polymerization
catalyzed by proteases has the advantage of conducting the
polymerization in an aqueous medium (i.e., in buffer solutions)
under mild conditions, representing greener polymerization
processes.6,7 The polymerization of amino acid monomers via
proteases can be carried out under thermodynamic control or
kinetic control.8 In kinetically controlled polymerization
reactions, hydrophobic amino acid monomers are suitable
substrates due to the high affinity shown by proteases for
hydrophobic amino acids.6 The hydrophobic nature of amino
acids, including L-phenylalanine, makes the resulting poly-
peptides insoluble in water, leading to precipitation during the
polymerization process and shifting the equilibrium toward
peptide formation.6

Peptides are inherently biocompatible and biodegradable to
natural metabolites since amino acids are intrinsic components

of the human body. PEGylation can improve the water
solubility and stability of peptides in vivo administration and
reduction of immunogenity.9 PEGylated peptides are able to
self-assemble to form various superstructures like nanotubes,
micelles, fibrils, and organogels.10−14 In recent years, peptide
nanoparticles (NPs) derived from amino acid-based precursors
have been attracting interest in the fields of biomedicine and
nanobiotechnology.15−17 Peptide building blocks, such as
cyclic peptides,18 aromatic dipeptides,19 surfactant-like oligo-
peptides,20 and cationic dipeptides,21 display a promising
potential in the development of peptide nanoparticles. Various
methods of hydrolysis, crosslinking, and solvent exchange have
been used for the preparation of peptide nanoparticles. For
instance, Zhang et al. fabricated soy peptide nanoparticles from
large peptide aggregates during hydrolysis of soy protein
isolates.16 Lipid oxidation in emulsions stabilized by the soy
peptide nanoparticles was suppressed. Yaman et al. and Zhang
et al. synthesized diphenylalanine-based NPs using the
crosslinking method with aldehydes.22,23 The NPs have
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potential applications in electrochemical cytosensors and
cancer treatment. In the study of Dittrich et al., it was found
that the hydrophobic 10 amino acid peptides assembled into
solid particles when the solvent was exchanged from ethanol to
water.24

Tethering soluble tails on polymeric nanoparticles produces
amphiphilic tailed polymeric nanoparticles, which have been
attracting intense focus owing to their easily tunable
dimensions and properties.25,26 Herein, oligo-phenylalanine
nanoparticles (OPhe NPs) synthesized via papain were
modified with soluble methoxypolyethylene (mPEG) to
produce the amphiphilic nanoparticles of mPEG-g-OPhe.
The mPEG-g-OPhe NPs can self-aggregate into micelles in

water and an organic medium (Scheme 1). To our knowledge,
the characterization of peptide nanoparticles synthesized by
enzymatic polymerization has not yet been reported.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of OPhe NPs and
mPEG-g-OPhe NPs. Polymerization of L-phenylalanine
methyl ester hydrochloride (L-Phe-OMe·HCl) via papain
utilizes the native functions of the protease to promote the
reverse hydrolysis reaction, aminolysis. Papain is commercially
available, inexpensive, and extracellularly stable, showing a high
affinity for hydrophobic amino acids like L-Phe. The synthesis
of polypeptides catalyzed by papain is under kinetic control.6,27

Scheme 1. Preparation of mPEG-g-OPhe NPs and the Micellar Self-Aggregation of the NPsa

aOPhe NPs, oligo-phenylalanine nanoparticles; mPEG-g-OPhe NPs, methoxypolyethylene glycol-modified oligo-phenylalanine NPs; and mPEG-
SC, methoxypolyethylene glycol succinimidyl carbonate ester.

Figure 1. Influences of various L-Phe-OMe·HCl concentrations (A), temperatures (B), pHs (C), and reaction times (D) on the amount of OPhe
NPs produced per 100 mg of L-Phe-OMe·HCl at 4 U/mL papain and 15% (v/v) DMSO in the buffer (200 mmol/L).
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The yield of the kinetically controlled reaction is in direct
relationship with the enzyme/substrate ratio.28,29 The effect of
various concentrations of the monomer (L-Phe-OMe·HCl) on
the amount of OPhe NPs produced per 100 mg of L-Phe-OMe·
HCl was investigated under the conditions of 4 U/mL papain,
15% (v/v) dimethyl sulfoxide (DMSO) in the buffer (pH 8.0,
200 mmol/L) at 40 °C for 3 h. The results are shown in Figure
1A. The yield reached the maximal value (36.9 ± 0.6 mg/100
mg L-Phe-OMe·HCl) at 200 mg/mL L-Phe-OMe·HCl. When
the monomer concentration was increased to be higher than
200 mg/mL, the reduction in the yield of OPhe NPs was
observed, indicating that substrate inhibition occurred.30

Similar results were reported by Yang and co-workers in
their study of α-chymotrypsin-catalyzed oligomerization of
oligo(Et-Asp) synthesis.31

Temperature is one important factor impacting the balance
between hydrolysis and condensation (reverse hydrolysis)
catalyzed by protease.32 The effect of temperature on the
synthesis of OPhe NPs via papain was examined in the
temperature range from 25 to 55 °C at 4 U/mL papain, 15%
(v/v) DMSO in the buffer (pH 8.0, 200 mmol/L), at 40 °C for
3 h (Figure 1B). The product yield increased with the increase
of temperature below 40 °C. When the temperature rose
higher than 40 °C, the product yield reduced. This may be due
to the increased hydrolysis rate of ester and peptide at higher
temperatures. According to the scheme of kinetically driven
protease-catalyzed peptide synthesis,33 the OPhe polymer was
synthesized through the formation and deacylation of an
enzyme−acyl intermediate, involving the carbonyl of activated
amino acid at the protease active site. Thus, the pH effect is
crucial in this nucleophilic process of oligo-peptide formation.
Figure 1C demonstrates the impact of various initial pHs on
the OPhe NP synthesis. The maximum yield was obtained at
pH 8.0 when polymerization was catalyzed by 4 U/mL papain
in the buffer (200 mmol/L) of 15% (v/v) DMSO at 200 mg/
mL L-Phe-OMe·HCl and 40 °C for 3 h. The time course of the
OPhe synthesis was plotted (Figure 1D) under reaction
conditions of 4 U/mL papain, 200 mg/mL L-Phe-OMe·HCl,
and 15% (v/v) DMSO in phosphate buffer (pH 8.0, 200
mmol/L) at 40 °C. The yield of OPhe NPs reached the
maximum value in 3 h. Then, a decrease in the yield occurred
during extended reaction times. This may be due to the
protease-catalyzed hydrolysis of ester or amide groups of OPhe
NPs converting them to the water-soluble coproduct.31

The polymerization of amino acid monomers catalyzed by a
protease is often deliberately conducted in a nonaqueous
reaction medium containing cosolvents such as dimethyl
sulfoxide, acetonitrile (ACN), etc.34 The presence of co−
solvents reduces the dielectric constant and hydration degree
of the reaction medium inhibiting the side reactions.35

Furthermore, the solubility of the amino acid polymer will
be increased by the addition of cosolvents promoting the
polymerization.36 The effect of the addition of different
cosolvents on the OPhe NP synthesis catalyzed by papain is
shown in Figure 2. The polymerization was promoted by
addition of DMSO in the concentration range of 5−25% (v/v).
Compared with that obtained in the case without cosolvent
addition, the yield of OPhe NPs was increased maximally by
about 130% when the reaction was conducted using 4 U/mL
papain, 200 mg/mL L-Phe-OMe·HCl, and 15% (v/v) DMSO
in the buffer (pH 8.0, 200 mmol/L), at 40 °C for 3 h. The
additions of DMF, ACN, Diox, MeOH, hexafluoroisopropanol
(HFIP), and tetrahydrofuran (THF) in the concentration

range of 5−40% (v/v) showed negative effects on the OPhe
NP yield.
The polymerization degree (DP) of OPhe NPs dissolved in

deuterated dimethyl sulfoxide (DMSO-d6) was estimated using
1H NMR (Figures S1−S11). The average polymerization
degree (DPavg) of OPhe was determined by comparing the
ratio of protons of ArCH2- (2.6−3.1 ppm) to the −OCH3
(3.56−3.57 ppm). According to the results listed in Table S1,
the DPavg value fluctuated in a relatively narrow range of 4.26−
5.79 when the pH, temperature, and the type of cosolvent
varied. Electrospray ionization mass spectrometry (ESI-MS)
analysis was performed for OPhe NPs obtained under the
conditions when the yield of OPhe NPs reached the maximal
value. The reaction was carried out using 4 U/mL papain, 200
mg/mL L-Phe-OMe·HCl, and 15% (v/v) DMSO buffer (pH
8.0, 200 mmol/L) at 40 °C for 3 h. The ESI-MS analysis
demonstrates that the ion peaks in the spectrum are separated
by 147 m/z unit, which is equal to the mass of Phe repeat units
(Figure S15A). The main molecular ions observed for OPhe
are m/z 768.3 and 915.2 corresponding to the pentapeptide
and hexapeptide, respectively.
The hydrophobic nature of L-Phe induces the precipitation

of OPhe NPs during the polymerization process. As the
scanning electron microscopy (SEM) images and transmission
electron microscopy (TEM) photo display in Figure 3, the
OPhe NPs formed during the polymerization are irregularly
shaped nanoparticles (NPs). Dynamic light scattering (DLS)
measurement demonstrates that the hydrodynamic mean
diameter (Rh,m) of OPhe NPs is approximately 749.2 nm
(Figure 3C). The relatively smaller particle size revealed by
SEM and TEM images is due to the air-drying process during
sample preparation.16

After 2 h of ultrasonic treatment, the Tyndall phenomenon
of the OPhe NP dispersion in water is clearly visible by
illuminating with a laser pointer (the inset of Figure 3A). The
Tyndall effect takes place in a colloidal solution that contains
particles with sizes less than the wavelength of the visible
light.37 The Tyndall effect of the OPhe NP dispersion in
organic media, such as cyclohexane (CyH), Diox, chloroform
(CHCl3), MeOH, and DMSO were also investigated and the

Figure 2. Addition of cosolvents on the OPhe NP yield via papain.
Reaction conditions: 200 mg/mL L-Phe-OMe·HCl, 4 U/mL papain,
in 3.0 mL of phosphate buffer (pH 8.0, 200 mmol/L), at 40 °C, for 3
h.
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results are shown in Figure 4. Typical Tyndall phenomena are
clearly detected for OPhe NP dispersions in CyH, Diox,

CHCl3, and MeOH. The disappearance of the Tyndall effect in
the case of DMSO indicates the dissolution of OPhe NPs in
DMSO. This result is consistent with the report that the Phe
polymer is one of the most hydrophobic polymers among
polymers composed only of amino acids.38

Sodium dodecyl sulfate (SDS) and urea are protein
perturbants, which can disrupt hydrophobic interaction and
hydrogen bonding between peptide chains.39,40 According to
the results shown in Figure 5, the OPhe NP (0.4 mg/mL)
dispersion in water turns transparent after the addition of SDS
and urea, alone or in combination, indicating the disruption of
aggregation of OPhe NPs. The presence of SDS and urea led
to a significant reduction (p < 0.05) in the value of Rh,m of
OPhe NPs. Therefore, the hydrophobic interaction and
hydrogen bonding plays the major role in maintaining the
aggregation of OPhe NPs in water. It is reasonable to infer that
the size of OPhe NPs can be as small as 200−250 nm.
After the preparation of OPhe NPs using papain, mPEG-SC

was used to modify the N-terminal of OPhe in a methanol
suspension of OPhe NPs. The mPEG-g-OPhe NPs synthesized
in this way possess two chemically distinct regions: the soluble
mPEG region and amphiphobic OPhe NP region (Scheme 1).
Each gram of OPhe NPs was converted to approximately 1.03
± 0.05 g of mPEG200-g-OPhe NPs, 1.15 ± 0.12 g of mPEG400-
g-OPhe NPs, and 1.65 ± 0.15 g of mPEG1000-g-OPhe NPs. The

dispersion solution of the mPEG-g-OPhe NPs show clear
Tyndall phenomena upon laser irradiation (the inset of Figure
6A,B). There was an obvious reduction in the value of Rh,m of
OPhe NPs in water after the mPEG modification. The Rh,m
values of mPEG200-g-OPhe NPs, mPEG400-g-OPhe NPs, and
mPEG1000-g-OPhe NPs in water are determined to be 150.5 ±
10.6, 210.6 ± 22.4, and 255.3 ± 19.5 nm, respectively (Figure
6A). The increased hydrophilicity of OPhe NPs after the
mPEG modification may weaken the π−π stacking and
hydrophobic interaction between peptide chains, disrupting
the aggregation of OPhe NPs. The mPEG-modification of
OPhe NPs had no obvious effects on the Rh,m value of the NPs
dispersed in cyclohexane (Figure 6B). This may be due to the
shrinkage and fusion of hydrophilic mPEG chains in
cyclohexane.
Fourier transform infrared (FTIR) spectra before and after

the introduction of mPEG into OPhe NPs (Figure S16)
demonstrate that the peak at 1550 cm−1 (N−H inplane
deformation) vanishes after the introduction of mPEG,
indicating the successful modification of the N-terminal
amino group of OPhe NPs. The intensity of the peak at
about 1110 cm−1 (C−O stretch from the ether group)
increases with the increase of the average molecular weight
(MW) of mPEG introduced to OPhe NPs. The amide I region
of attenuated total reflectance (ATR) FTIR spectra of the NPs
was analyzed by peak resolution to further define the structure
of OPhe NPs and mPEG-g-OPhe NPs. The spectra of OPhe
NPs, mPEG200-g-OPhe NPs, and mPEG400-g-OPhe NPs reveal

Figure 3. SEM images and the Tyndall phenomenon (A), TEM photo (B), and size distributions (C) of the OPhe NP dispersion in water (0.04
mg/mL) at 25 °C and pH 7.0.

Figure 4. Size distributions and Tyndall phenomena of the OPhe NP
(0.04 mg/mL) dispersion in dimethyl sulfoxide (DMSO), dioxane
(Diox), methanol (MeOH), chloroform (CHCl3), and cyclohexane
(CyH) at 25 °C.

Figure 5. Influence of the addition of protein perturbants of SDS (4%
w/v) and urea (8 mol/L) on the Rh,m value and visual appearance of
the OPhe NP dispersion in water (0.4 mg/mL) at 25 °C and pH 7.0.
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that the secondary structures of these NPs contain β-turns and
β-strands (Figures S17−S19).41 The contents of β-turns and β-
strands are 32.8 and 67.2% for OPhe NPs, 29.3 and 70.7% for
mPEG200-g-OPhe NPs, and 32.8 and 67.2% for mPEG400-g-
OPhe NPs (Table S2), respectively. When MW of the mPEG
moiety of mPEG-g-OPhe NPs was increased to be 1000, the
secondary structure of mPEG1000-g-OPhe NPs consists of
36.3% β-turns, 35% aggregated strands, 16.4% antiparallel β-
sheets, and 12.3% β-type structures (Figure S20 and Table S2).
The benefit of formation of β-sheet elements is the formation
of homogeneous and stable structures.42 With the increase of
the mPEG chain length, the hydrogen bonding site (−O−)
contained in the repeat unit significantly increases, contribu-
ting to the intermolecular hydrogen-bonded β-sheet associated
with aggregation (aggregated strands).43,44

According to ESI-MS spectra, the substantial differences in
chain-length distributions of mPEG200-g-OPhe (Figure S15B),
mPEG400-g-OPhe (Figure S15C), and mPEG1000-g-OPhe
(Figure S15D) are owing to the wide MW distribution of
OPhe and mPEG. The degree of substitution (DS) of
mPEG200, mPEG400, and mPEG1000 on the N-terminal of
Ophe NPs was determined by 1H NMR (Figures S12−S14).

The DS value of mPEG200, mPEG400, and mPEG1000 was
estimated to be about 1 by comparing the ratio of the methoxyl
proton of mPEG (3.23−3.25 ppm) to the methoxyl proton of
OPhe (3.73−3.74 ppm). Thus, MWs of mPEG200-g-OPhe,
mPEG400-g-OPhe, and mPEG1000-g-OPhe were estimated to be
881.2, 1090.4, and 1618.6 g/mol, respectively.

Normal and Reverse Micelles Formed by mPEG-g-
OPhe NPs. The self-aggregation of mPEG-g-OPhe NPs in
water was studied with Nile red as the fluorescent probe. The
dependence of the Nile red fluorescence intensity at its
maximum emission wavelength (λmax = 642 nm) on the
concentration of mPEG-g-OPhe NPs is plotted in Figure 7A.
From the plots, the fluorescence intensity of Nile red is quite
weak below certain concentrations indicating that Nile red is in
water and few micelles are present. After that, the markedly
increased intensities reveal the formation of micelles and the
preferential partitioning of Nile red molecules into the core of
the micelles. The concentration at the inflection point
corresponds to the critical micellar concentration (CMC).
Nile red molecules preferentially partition into the hydro-
phobic core of the micelles driven by the force of hydrophobic
interactions due to the π−π interaction between benzene

Figure 6. Size distributions and Tyndall phenomena of mPEG200-g-OPhe NP (I), mPEG400-g-OPhe NP (II), and mPEG1000-g-OPhe NP (III)
dispersions in water (0.04 mg/mL) (A) and cyclohexane (0.04 mg/mL) (B) at 25 °C and pH 7.0.

Figure 7. Fluorescence intensity at λmax = 642 nm for excitation spectra of Nile Red as a function of the concentration of the mPEG-g-OPhe NP
dispersion in water at 25 °C and pH 7.0 (A) and plots of absorbance of iodine as a function of the concentration of the mPEG-g-OPhe NP
dispersion in cyclohexane (B) at around 370 nm and 25 °C for determining the critical concentration of the normal micelle (A) and reverse micelle
(B) at 25 °C. Each value represents the mean ± standard deviation (SD), n = 3.0.
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rings.45,46 According to the results shown in Figure 7A, the
CMC of mPEG200-g-OPhe NPs, mPEG400-g-OPhe NPs, and
mPEG1000-g-OPhe NPs are 0.25 ± 0.02, 0.33 ± 0.02, and 0.85
± 0.03 mg/mL, respectively.
Considering that OPhe NPs are amphiphobic solid particles,

we speculated about the possibility of the self-assembly of
amphiphilic mPEG-g-OPhe NPs into reverse micelles in CyH
driven by the interfacial free energy between the hydrophilic
mPEG chain and CyH. The formation of reverse micelles of
mPEG-g-OPhe NPs in CyH was examined by the iodine
solubilization method.47,48 With the increase of the mPEG-g-
OPhe NP concentration in the CyH containing iodine (0.006
mg/mL), a new absorption peak appeared at about 370 nm
(Figures S21−S23). The formation of iodine-encapsulated
micelles stabilized by mPEG-g-OPhe NPs gave rise to the new
peak owing to an n-σ electron donor−acceptor interaction.47
Figure 7B displays the plot of the absorbance of iodine at 370
nm against the concentration of mPEG-g-OPhe NPs in CyH at
25 °C. The points of discontinuous changes in the plots are
defined as the critical reverse micelle concentrations
(CRMCs). The absorbance increased remarkably above
CRMC indicating the formation of reverse micelles. According
to the results shown in Figure 7B, the CRMCs for mPEG200-g-
OPhe NPs, mPEG400-g-OPhe NPs, and mPEG1000-g-OPhe NPs
are 0.42 ± 0.01, 0.24 ± 0.02, and 0.12 ± 0.01 mg/mL,

respectively. With the increase of the mPEG chain length,
more hydrophilic segments of mPEG-g-OPhe NPs are exposed
to the surrounding solvent, elevating the unfavorable entropy
contribution and promoting the formation of reverse micelles
at a lower CRMC.
The formation of spherical mPEG-g-OPhe NPs micelles in

water (Figure 8 upper row) and cyclohexane (Figure 8 bottom
row) were verified by confocal laser scanning microscopy
(CLSM). The efforts to characterize OPhe NPs dispersed in
solution using CLSM failed. The combination of a low
quantum yield and low molar extinction coefficient makes
phenylalanine to be hardly detectable.49 The unstable
aggregation of OPhe NPs in solution, which cannot
accommodate a fluorophore, may also account for the failed
confocal imaging. The sizes of micelles formed by mPEG-g-
OPhe NPs were obtained using Nano Measurer software.50

According to the results (Table S3), the average diameter of
normal micelles increased by about 72.6% when the MW of
the mPEG moiety of the NPs increased from 200 to 1000. In
water, the hydrophilic chain of mPEG is extended. Therefore,
the size of micelles increased with the increase of the chain
length of the mPEG moiety of the NPs. On the other hand, the
steric effect between mPEG chains increases with the increase
of the chain length demanding more OPhe to stabilize the
hydrophobic core of the micelles.51,52 Thus, CMC for the

Figure 8. CLSM images of Nile red-loaded mPEG-g-OPhe NP micelles in water at λexc = 543 nm (upper row) at 25 °C and pH 7.0 and Rhodamine
B-loaded mPEG-g-OPhe NP micelles in cyclohexane at λexc = 552 nm (bottom row) at 25 °C. The concentration of mPEG200-g-OPhe NP,
mPEG400-g-OPhe NP, and mPEG1000-g-OPhe NP dispersions in water (upper row) from left to right: 0.3, 0.5, and 1.0 mg/mL, respectively. The
concentration of mPEG200-g-OPhe NP, mPEG400-g-OPhe NP, and mPEG1000-g-OPhe NP dispersions in cyclohexane (bottom row) from left to
right: 0.45, 0.25, and 0.15 mg/mL, respectively.
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micellar aggregation of mPEG-g-OPhe NPs in water increased
when the chain length of the mPEG moiety increased. In the
case of reverse micelles, the hydrophilic mPEG chains of
mPEG-g-OPhe NPs shrank and fused to form the hydrophilic
core in cyclohexane driven by the interfacial tension and free
energy. The average diameter of the reverse micelles in CyH
increased slightly, by about 14.3% (Table S3), when the MW
of the mPEG moiety increased from 200 to 1000. The CRMC
for the micellar aggregation of mPEG-g-OPhe NPs in CyH
decreased when the chain length of the mPEG moiety
increased.
Stability of the Payload Encapsulated in the Micelles

Formed by mPEG-g-OPhe NPs. The solubilization of
hydrophobic substances is an important issue in the industry
of food, cosmetics, pharmaceuticals, and in many other
fields.53,54 The hydrophobic inner core of micelles can
physically incorporate water-insoluble payloads by hydro-
phobic interactions. The hydrophilic shells of micelles afford
the encapsulated payload solubility in water. Herein, the
encapsulating capacity of the micelles formed by mPEG-g-
OPhe NPs was investigated using curcumin (Cur) as the
model payload. Curcumin (Cur), known chemically as 1,7-
bis(4-hydroxy-3-methoxyphenyl)-1,6- heptadiene-3,5-dione, is
poorly soluble in aqueous media.55 It is used as a dietary
supplement in Southeast Asia and has versatile biological and
pharmacological activities such as anticancer, antioxidant,

antimicrobial, antiparasitic, etc.56 The aqueous solubility of
curcumin can be improved by increasing the pH of the
solution. However, this approach leads to the rapid
degradation of Cur by alkaline hydrolysis.57

Transmission electron microscopy (TEM) images (Figure
9) show that the spherical Cur-loaded micelles formed by
mPEG-g-OPhe NPs are polydisperse. When encapsulated, the
aromatic moieties of Cur bind the hydrophobic core of the
micelles formed by mPEG-g-OPhe NPs through aromatic
staking interactions. The Rh,m values were determined to be
420.3 ± 19.8, 496.2 ± 20.2, and 636.1 ±2.7 nm at 25 °C for
the Cur-loaded micelles stabilized by mPEG200-g-OPhe NPs,
mPEG400-g-OPhe NPs, and mPEG1000-g-OPhe NPs, respec-
tively (Table S4). The micellar hydrodynamic radius is larger
than the average radius observed by TEM, because the micelles
were dried and shrank in the drying treatment before TEM
observation. The micelles formed by mPEG200-g-OPhe NPs
had the highest encapsulation efficiency based on the value of
LE (Table S4). The Cur-loaded micelles formed by mPEG-g-
OPhe NPs are stable for at least 30 days without any detectable
significant changes in the appearances, LE values, and Rh,m
values (Figure 9 and Table S4).
The encapsulation in the micelles formed by mPEG-g-OPhe

NPs significantly increased the resistance of Cur against
photodegradation (Figure 10A). After 4 h of light exposure,
the retention of Cur was increased by about 60.8% by the

Figure 9. TEM images and appearances of Cur-loaded micelles stabilized by mPEG-g-OPhe NPs taken at 1 h (a1, b1, and c1) and 30 days (a2, b2,
and c2) after preparation at 25 °C and pH 7.0, respectively. The concentrations of mPEG200-g-OPhe, mPEG400-g-OPhe, and mPEG1000-g-OPhe
were 0.3, 0.5, and 1.0 mg/mL, respectively.

Figure 10. Light stability (A) of the Cur-loaded mPEG-g-OPhe NP micelles at 25 °C and pH 7.0 and the encapsulation stability (B) of the Cur-
loaded mPEG-g-OPhe NP micelles at 25 °C and 50 °C, respectively, at pH 7.0. The concentrations of mPEG200-g-OPhe, mPEG400-g-OPhe, and
mPEG1000-g-OPhe were 0.3, 0.5, and 1.0 mg/mL, respectively.
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encapsulation in mPEG200-g-OPhe NP micelles, 65.4% in
mPEG400-g-OPhe NP micelles, and 72.5% in mPEG1000-g-
OPhe NP micelles, respectively. The thicker hydrophilic shell
formed by the longer mPEG chain may account for the higher
light stability of Cur-loaded micelles. The encapsulation on the
release rate of Cur from the dialysis bag at 25 °C and 50 °C,
respectively, were evaluated and the results are shown in Figure
10B. The percentage of released Cur from the dialysis bag in
0.5 h decreased from 90 ± 3.2% (free Cur powder) to 11.1 ±
1.2% (Cur-loaded mPEG200-g-OPhe NP micelles), 9.2 ± 1.2%
(Cur-loaded mPEG400-g-OPhe NP micelles), and 5.4 ± 1.2%
(Cur-loaded mPEG1000-g-OPhe NP micelles) at 25 °C. The
release of Cur reached the maximal value of 71.18 ± 1.73% in
12 h for Cur-loaded mPEG200-g-OPhe NP micelles, 73.66 ±
2.11% in 16 h for Cur-loaded mPEG400-g-OPhe NP micelles,
and 80.48 ± 2.24% in 20 h for Cur-loaded mPEG1000-g-OPhe
NP micelles, respectively, at 25 °C. When the temperature rose
to 50 °C, the release of Cur levelled off in about 5 h for Cur-
loaded mPEG200-g-OPhe NP micelles and Cur-loaded
mPEG400-g-OPhe NP micelles, and in about 12 h for Cur-
loaded mPEG1000-g-OPhe NP micelles (Figure 10B). At an
elevated temperature, H bonds in the mPEG shell of the
micelles become less stable, destabilizing the aggregation of the
hydrophobic core and promoting the release of Cur. Besides,
the motion of Cur molecules located in the micellar core was
aggravated at higher temperatures, leading to the faster release
from the micelles. This effect of varying chain lengths of the
mPEG moiety of mPEG-g-OPhe NPs on the release of the
payload from the micelles offers the possibility to manage the
release, which is very valuable for technological applications.
It was also found the thermal stability of Cur was enhanced

by encapsulation in the micelles formed by mPEG-g-OPhe
NPs (Figure 11). The retention of Cur without encapsulation
decreased from 87.16 ± 1.21% at 25 °C to 62.92 ± 1.13% at
80 °C after 2 h of incubation. When encapsulated, the
retention of Cur can maintain at 90.18 ± 1.21% (mPEG200-g-
Ophe NP micelles), 92.87 ± 1.41% (mPEG400-g-OPhe NP
micelles) and 93.95 ± 1.21% (mPEG1000-g-OPhe NP
micelles) at 80 °C, respectively. The Rh,m of Cur-loaded
micelles demonstrated a significant decrease when the
temperature increased from 25 to 80 °C (Figure 11B).
When the temperature was elevated, the hydrogen bonding
between the mPEG chains and the surrounding water
molecules weakened. The mPEG shell of the micelles collapsed
repelling water molecules. The micelles shrank and became

tight resulting in the decreased size.58,59 The tightening of the
micelles increased the shell density of micelles contributing to
the enhanced protective effect stabilizing the Cur-loaded
micelles at the elevated temperature. By adjusting the pH with
0.1 mol/L NaOH and 0.1 mol/L HCl, the effects of pH
variation on the stability of Cur-loaded micelles were
evaluated. The micellar encapsulation could significantly
increase the hydrolysis stability of Cur in aqueous solution
(Figure S24). After incubation at pH 10.0 for 20 h, the
retention of Cur was increased by about 87.9, 93.4, and 99.5%
when encapsulated with mPEG200-g-OPhe NPs, mPEG400-g-
OPhe NPs, and mPEG1000-g-OPhe NPs, respectively (Figure
S24).

■ CONCLUSIONS

In this study, amphiphilic peptide nanoparticles, mPEG-g-
OPhe NPs, were fabricated using papain. The Rh,m value of
OPhe NPs dispersed in an aqueous solution was about 200 nm
after using SDS and urea to disrupt the hydrophobic
interaction and hydrogen bonding between peptide chains.
OPhe NPs are amphiphobic because of the Tyndall
phenomena of their dispersion in water and organic solvents
like cyclohexane, dioxane, chloroform, and methanol. Then,
OPhe NPs were converted to mPEG-g-Ophe NPs by
introducing mPEG at the N-terminal of OPhe NPs at the
degree of substitution of 1 by 1H NMR analysis. ATR-FTIR
analysis revealed that the secondary structure of OPhe NPs
and mPEG-g-OPhe NPs were mainly β-type. mPEG-g-OPhe
NPs were able to self-assemble into micelles in water and
cyclohexane. With the increase of the mPEG chain length, the
CMC for mPEG-g-OPhe NPs in water increased, while the
CRMR for mPEG-g-OPhe NPs in cyclohexane decreased. The
light stability, thermal stability, encapsulation stability, and the
hydrolysis stability of Cur were significantly improved by
encapsulation in the micelles formed by mPEG-g-OPhe NPs.
The influence of varying the chain length of mPEG on the
stability of Cur encapsulated in the micelles formed by mPEG-
g-OPhe NPs offers the possibility to manage the encapsulation
for technological applications. Considering their biocompati-
bility,60,61 mPEG-g-OPhe NPs and their micellar self-
aggregations hold much promise for a range of potential
applications in medicine, food science, cosmetics, and
nanotechnology.

Figure 11. Thermal stability (A) and Rh,m (B) of the Cur-loaded micelles formed by mPEG-g-OPhe NPs in the temperature range of 25 to 80 °C at
pH 7.0 for 2 h. The concentrations of mPEG200-g-OPhe, mPEG400-g-OPhe, and mPEG1000-g-OPhe were 0.3, 0.5, and 1.0 mg/mL, respectively.

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

https://dx.doi.org/10.1021/acsomega.0c05076
ACS Omega 2020, 5, 30336−30347

30343

http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c05076/suppl_file/ao0c05076_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c05076/suppl_file/ao0c05076_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c05076/suppl_file/ao0c05076_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05076?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05076?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05076?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05076?fig=fig11&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c05076?ref=pdf


■ MATERIALS AND METHODS

Materials. Papain (EC 3.4.22.2, ≥10 U/mg) was purchased
from Shanghai Aladdin Bio-Chem Technology Co., LTD. L-
Phenylalanine methyl ester hydrochloride (L-Phe-OMe·HCl,
98%), Brij L4 (average Mn ∼ 362), curcumin (≥80%), Nile red
(≥98.0%), Rhodamine B (98%), and iodine (≥99.99%) were
purchased from Sigma-Aldrich. Methoxypolyethylene glycol
succinimidyl carbonate ester (mPEG200-SC, mPEG400-SC, and
mPEG1000-SC), derived from mPEGs of different molecular
weights (200, 400, and 1000 Da), were purchased from
Nanocs Inc. Dimethyl sulfoxide (DMSO, >99.9%), dioxane
(Diox, >99.5%), methanol (MeOH, 99.7%), tetrahydrofuran
(THF, ≥99.9%), N,N-dimethylformamide (DMF, 99.8%),
hexafluoroisopropanol (HFIP, 99.5%), acetonitrile (ACN,
≥99.9%), triethylamine (≥99.5%), cyclohexane (CyH,
≥99.5%), and deuterated dimethyl sulfoxide (DMSO-d6, D,
99.9% + 0.05% TMS) were obtained from Shanghai Aladdin
Bio-Chem Technology Co., LTD. All other chemicals were
analytically pure and purchased from Sinopharm Chemical
Reagent Co.
Synthesis of OPhe NPs. L-Phe-OMe·HCl (200 mg/mL)

and 4 U/mL papain were added to 3.0 mL of phosphate buffer
(pH = 8.0, 200 mmol/L) containing 15% (v/v) DMSO. The
reaction was carried out at 40 °C for 3 h. At the end of the
reaction, the reaction mixture was poured into 10 mL of icy
distilled water. After centrifugation, the precipitate was
collected and washed with icy distilled water five times. The
precipitate was lyophilized to obtain oligo-phenylalanine
nanoparticles (OPhe NPs). Control experiments performed
without addition of the enzyme did not yield any precipitate.
On the basis of the weight of the dried product, the yield of
OPhe NPs was determined according to the amount of OPhe
NPs produced per 100 grams of L-Phe-OMe·HCl.
The optimization of the oligomerization was performed in

3.0 mL of buffer solution containing 4 U/mL papain. The
influences of various initial concentrations of L-Phe-OMe·HCl
(from 50 mg/mL to 350 mg/mL), cosolvents (from 5 to 40%,
v/v), temperatures (from 25 to 55 °C), pHs (from 5.5 to 10),
and the reaction times (from 0.5 h to 6 h) were evaluated.
Citrate buffers (pH 5.5−6.0, 200 mmol/L), phosphate buffers
(pH 6.5−8.0, 200 mmol/L), and borate buffers (pH 8.5−10,
200 mmol/L) were used for reactions at different pH values.
The data shown in the figures are the average values from
triplicate experiments and include standard deviations.
Preparation of mPEG-g-OPhe NPs. In 30 mL of 30 mg/

mL suspension in methanol of OPhe NPs, 110 mmol/L
mPEG-SC, and 150 mmol/L trimethylamine were added
under a N2 atmosphere. The reaction was conducted with
stirring for 48 h at 25 °C. At the end of the reaction, the
reaction mixture was dialyzed against pure water for 48 h using
a dialysis cellulose membrane bag (MW cutoff 1000 Da) to
remove N-hydroxysuccinimide, triethylamine, and other small
molecules with frequent changes of the water. The inner
solution was concentrated under vacuum and freeze-dried. The
dried product was washed with icy ethanol and acetone
successively to remove the remaining mPEG-SC until no
mPEG-SC was detected by mass spectrometry. One gram of
OPhe NPs can be converted to 1.03 ± 0.05 g of mPEG200-g-
OPhe NPs, 1.15 ± 0.12 g of mPEG400-g-OPhe NPs, and 1.65 ±
0.15 g of mPEG1000-g-OPhe NPs.
Normal Micelles Stabilized by mPEG-g-OPhe NPs.

Micellar self-aggregation of mPEG-g-OPhe NPs in water was

investigated with Nile red as the fluorescent probe.46,62 Nile
red stock solution (20 μL (1 mmol/L) in methanol) was
transferred into a glass vial (φ25 × 75 mm). The solvent was
carefully removed by nitrogen flushing leaving brick red thin
solid films. Then, 7 mL of the mPEG-g-OPhe NP suspension
in distilled water was added into the vial. After 12 h of
magnetic stirring at room temperature, fluorescence measure-
ments were carried out on a Hitachi F4500 fluorescence
spectrophotometer (Japan). Emission spectra were recorded
from 550 to 750 nm using λexc = 550 nm. Excitation and
emission slit widths were both maintained at 5.0 nm. Spectra
were accumulated with a scan speed of 200 nm/min. The value
of critical micellar concentration (CMC) was determined at
the inflection point in the plots representing the maximum
emission wavelength as a function of the concentration of
mPEG-g-OPhe NPs.

Reverse Micelle Stabilized by mPEG-g-OPhe NPs. The
reversed micelles of mPEG-g-OPhe NPs in cyclohexane were
prepared according to the method reported in the literature.48

Cyclohexane solution (9.4 mL) of mPEG-g-OPhe NPs and Brij
L4 was transferred into a glass vial (φ25 × 75 mm). The molar
ratio of mPEG-g-OPhe NPs to Brij L4 was 1:1. Then, 0.6 mL
of I2 solution (0.1 mg/mL in cyclohexane) was added into the
vial. Iodine was sublimed before use. After 2 h of ultrasonic
treatment on an SB-5200 DTN Sonicator (Ningbo Xinzhi
Biotechnology Co., Ltd.) at 25 °C, the absorption intensity of
the reverse micelles were recorded at around 370 nm using a
Shimadzu-3100 double beam spectrophotometer (Japan). The
value of critical reverse micelle concentration (CRMC) was
determined at the inflection point in the plot of the absorption
intensity as the function of the mPEG-g-OPhe NP concen-
tration. For obtaining the fluorescence images of dye-
impregnated reverse micelles formed by mPEG-g-OPhe NPs,
Rhodamine B was used as the laser dye. In a glass vial (φ18 ×
40 mm), 5 mL of the micelles formed by mPEG-g-OPhe NPs
in cyclohexane was mixed with 12.5 μL of Rhodamine B
solution (2.67 mg/mL in BrijL4). The mixture was subjected
to ultrasonic treatment (200 W) for 2 h at 25 °C. The
concentrations of mPEG200-g-OPhe NPs, mPEG400-g-OPhe
NPs, and mPEG1000-g-OPhe NPs in cyclohexane were 0.45,
0.25, and 0.15 mg/mL, respectively. After that, Rhodamine B-
stained reverse micelles formed by mPEG-g-OPhe NPs were
imaged by CLSM.

Stability of the Payload Encapsulated in the Normal
Micelles of mPEG-g-OPhe NPs. The effect of encapsulation
in the micelles formed by mPEG-g-OPhe NPs on the stability
of the payload was investigated using curcumin as the model.
Curcumin (Cur) in ethanol (200 μL of 15 mg/mL) was added
into a glass vial (φ25 × 75 mm). The solvent was removed by
nitrogen flushing. Then, 5 mL of the mPEG-g-OPhe NP
micelle solution was added into the vial. The concentrations of
mPEG200-g-OPhe, mPEG400-g-OPhe, and mPEG1000-g-OPhe
were 0.45, 0.65, and 1.5 mg/mL, respectively. After 2 h of
ultrasonic treatment on a SB-5200 DTN Sonicator (Ningbo
Xinzhi Biotechnology Co., Ltd.) at 200 W and 25 °C, the vials
were rotated end-over-end on a HS-3 Rotary Mixer (Ningbo
Xinzhi Biotechnology Co., Ltd.) at 20 rpm overnight, at 25 °C.
After that, the undissolved Cur was removed by centrifugation
(4000 rpm, 10 min) and filtration through a 0.8 μm filter
membrane. An aliquot of Cur-loaded micelle solution (10 μL)
was diluted to 1 mL with ethanol to determine the absorption
intensity at 428 nm. The quantity of Cur was determined
according to the calibration curve of Cur in ethanol made at
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428 nm in the concentration range of 1.0−6.0 μg/mL. The
payload loading efficiency (LE) was calculated by the following
equation

m
m m

LE (%) 1001

1 2
=

+
×

where m1 is the weight of Cur in the micelle solution and m2 is
the weight of mPEG-g-OPhe NPs stabilizing the micelle.
The photochemical stability of free Cur (1 mg/mL in

ethanol) and the Cur-loaded micelle solution was determined
using an illumination method in a light cabinet (ZSW-Q100,
Zhenxiang Electrical Technology (Shanghai) Co., Ltd) at 30
°C.63 The light intensity was set at 5000 lux and 5 W/m2. At
regular intervals, the quantity of Cur in the micellar samples
was determined according to the aforementioned method.
Each sample was analyzed in triplicate.
The thermal stability of free Cur (1 mg/mL in propylene

glycol) and the Cur-loaded micelle solution was determined in
a thermostatic water bath at temperatures of 25, 40, 60, and 80
°C for 2 h. At regular intervals, the quantity of Cur in the
micellar samples was determined according to the aforemen-
tioned method. Each sample was analyzed in triplicate.
The encapsulation stability of Cur-loaded mPEG-g-OPhe

NP micelles was examined by a dialysis method. 5 mL of the
Cur-loaded micelle solution was transferred to a dialysis bag
(MWCO = 500 Da) and dialyzed against 2% (w/v) Triton X-
100 in PBS buffer for 28 h in the temperature range of 20 to 50
°C. The PBS buffer (pH = 7.4) was composed of 137 mmol/L
NaCl, 10 mmol/L Na2HPO4, 2.68 mmol/L KCl, and 1.84
mmol/L KH2PO4.

64 At an interval of 30 min, 5 mL of the
sample was withdrawn from the dialysate and replaced with the
same volume of fresh 2% (w/v) Triton X-100 PBS buffer. The
Cur concentration in the samples was measured. Values are
means of three parallel experiments. Retention of Cur was
calculated by dividing the Cur concentration of samples by the
initial concentration of Cur in the Cur-loaded micelles
stabilized by mPEG-g-OPhe NPs.
Tyndall Effect. The suspension of OPhe NPs and mPEG-g-

OPhe NPs was treated with ultrasonic treatment on a SB-5200
DTN Sonicator (Ningbo Xinzhi Biotechnology Co., Ltd.) at
the power output of 200 W for 2 h at room temperature. The
Tyndall effect was utilized to confirm the existence of
nanoparticles in the solutions using a 1 mW 635 nm red
laser pointer as the light source. A visible light beam path can
be observed in the nanoparticle solution due to Tyndall
scattering.
Scanning Electron Microscopy of OPhe NPs. The

morphology of OPhe NPs was examined by scanning electron
microscopy (SEM). After lyophilization, OPhe NPs were
coated with a 2 nm layer of gold and imaged using an S-4800
scanning electron microscope (Hitachi Ltd., Tokyo, Japan).
Pattern of Intraparticle Interactive Forces. The pattern

of interactive forces between peptide chains involved in the
formation and maintenance of OPhe NPs was determined by
monitoring the changes in the particle size of the OPhe NP
dispersions in different solvents: distilled water, 4% (w/v)
SDS, and 8 M urea, alone or in combination.
Attenuated Total Reflectance Fourier Transform

Infrared Spectroscopy (ATR-FTIR). ATR was performed
on a Nicolet 6700 spectrometer (Thermo) equipped with a
Smart Multi-Bounce Horizontal Attenuated Total Reflectance
(HATR) device having zinc selenide (ZnSe) crystals. Spectra
were recorded in the 4000−400 cm−1 range at a resolution of 2

cm−1, averaging 32 scans per sample. The background
spectrum was subtracted from the sample spectrum using the
Nicolet software. Second-derivative spectra were obtained
using the OMNIC software program (version 7.0, Thermo
Fisher Scientific, Waltham) following the Savitsky−Golay
method.65 Curve fitting of the amide I band from 1700 to
1600 cm−1 was performed by OMNIC software as a linear
combination of Gaussian components. In the fitting, the
number of components and initial values of their peak
positions were obtained from the second derivative spectra.

1H NMR. 1H NMR spectra of mPEG-g-OPhe NPs were
obtained using a Bruker AVANCE HD-400 MHz spectrom-
eter. The samples were dissolved in deuterated dimethyl
sulfoxide (DMSO-d6) containing 1% (w/v) trifluoroacetic acid
(TFA) at 10 mg/mL. Tetramethylsilane (TMS) was used as
the internal reference at 0.00 ppm. A total of 128 scans were
recorded. Data were collected and analyzed by MestReNova
software. Proton chemical shifts were referenced to TMS at
0.00 ppm.

Mass Spectrometry. OPhe NPs and mPEG-g-OPhe NPs
were dissolved in DMSO at 1 mg/mL. The solutions were
introduced into the electrospray source of a Micromass
Platform LCZ/2690XE/996 spectrometer operated in positive
ion mode (Waters, Milford) with a cone voltage of 20 V. The
ion source temperature was 100 °C. The desolvation gas was
nitrogen at 350 L/h. Mass spectra were recorded over the mass
range of m/z 200−4500 with a scan rate of 0.5 Hz. Data were
collected and analyzed by Masslynx software.

Dynamic Light Scattering (DLS) Measurements.
Dynamic light-scattering (DLS) measurements were con-
ducted with a laser light-scattering spectrometer ALV/DLS/
SLS-5022F (ALV Co., Germany) at an angle of 90°. The light
source was a cylindrical He−Ne laser (model 1145p-3083,
output power = 22 mW at λ = 632.8 nm). The laser light-
scattering cell was held in a thermostat index-matching vat
filled with purified dust-free toluene. At each temperature the
sample was kept for 10 min to reach equilibrium. The time
correlation functions were analyzed with a Laplace inversion
program (CONTIN). Each experiment was repeated two or
more times.

Confocal Laser Scanning Microscopy. The micro-
structures of Nile red-loaded micelles in water and Rhodamine
B-loaded micelles in cyclohexane stabilized by mPEG-g-OPhe
NPs were observed with a Carl Zeiss TCS SP8 confocal laser
scanning microscope (Leica Microsystems Inc., Heidelberg,
Germany) using a 63× oil immersion objective with a
numerical aperture (NA) of 1.4. Emission spectra of Nile red
and Rhodamine B were recorded from 550 to 750 nm at the
excitation wavelengths of (λexc) 543 nm and 552 nm,
respectively.

Transmission Electron Microscopy. The morphological
characteristics of OPhe NPs and the Cur-loaded micelles
formed by mPEG-g-OPhe NPs were observed using a
transmission electron microscope (TEM, JEM-2100plus,
JEOL, Tokyo, Japan) at the accelerating voltage of 200 kV.
The micellar solution was deposited onto a carbon-coated
copper grid (300 mesh) and stained with phosphotungstic acid
solution (2%, w/v) for about 15 s to prepare the samples for
TEM. Then, the sample was dried at room temperature for 60
s and examined under a TEM.
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