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ABSTRACT
Combining the noncovalent and covalent interactions, a series of peptide amphiphiles were designed de novo and synthesized to
architect  functional  assemblies  by  means  of  photochemistry.  The  strand  of  peptide  sequence  was  structurally  capped  with
photoactive tyrosine-tyrosine (YY) motifs at both termini, and the spacing was filled by alternating of hydrophilic D (L-aspartate)
and  hydrophobic  X  (ε-aminocaproic  acid)  structure.  Upon  visible-light  irradiation,  these de  novo  designed  peptides  underwent
rapid photocrosslinking within merely  10 min.  Interestingly,  the modulation of  alternating D–X pairs  in  occupying spacer  would
adjust  molecular  amphiphilicity,  regulate  charge  distribution,  and  control  particle  size  and  loading  capacity  of  peptide
nanospheres  (PNS)  in  aqueous  media.  With  entirely  peptide-based  matrix,  this  PNS  system  could  host  cationic  indicators  of
fluorescent rhodamine and magnetic GdIII for exemplar near infrared (NIR) fluorescence and magnetic resonance (MR) imaging,
which paves a pathway to biomaterial and biomedical applications using de novo designed peptides.
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1    Introduction
Peptides, as one of the most important building blocks, participate
in molecular self-assembly processes to construct senior/secondary
structure  and  three-dimensional  (3D)  conformation  at  protein
level  [1–9].  Benefitting  from  the  features  of  routine  synthesis,
sequence  encodability,  and  biological  compatibility  [7, 8, 10–13],
tremendous efforts have been made to mimic bioactive segments
with synthetic peptides for use in imaging [14–20],  drug delivery
[21–27],  and  tissue  engineering  [28–31].  Driven  by  the
noncovalent  interactions,  such  as  hydrogen  bond,  π–π  stacking,
hydrophobic/hydrophilic  interaction,  and  Coulombic  impulsion
and attraction were recognized as the basic regulations to peptide
assembly  [2–7],  segments  like  ribbons  [32, 33],  rods  [34–36],
sheets  [37, 38],  tubes  [39, 40],  and  spheres  [41, 42]  have  been
created.  On  the  other  hand,  covalent  anchoring,  exemplified  as
disulfide  formation  or  dityrosine  crosslink  [43, 44],  enables  to
convert  peptides  from  linear  to  entangled  form,  lock-in
hierarchical conformation, alter biofunction structure, and involve
in  a  series  of  protein  post-translational  modification  processes
[45].

Recently,  photochemical  synthesis  is  becoming  a  powerful
toolkit  to  covalent  construction,  where  incident  light  is  used as  a
remote source to trigger photoactive species to produce molecules,
polymers, and even functional structures [46–48]. Specific peptide
residues  can  be  employed  as  the  photoactive  sites  [49–54].  For
instance,  disulfide  could  be  derived  from  cysteine  residues  upon
ultraviolet (UV) irradiation, discrete thiols on peptide amphiphiles

took  place  radical  coupling  to  form  hydrogel  networks  [49];
dityrosine could be photogenerated from tyrosine residues under
visible-light  [52],  affording  synthetic  shortcut  to  dityrosine
anchors.

Herein,  we  intend  to  construct  functional  nanostructures
directly  from  synthetic  peptides  by  means  of  photochemistry.  In
this design, sequence encoding for the peptide primary structure is
incorporated  by  solid  phase  peptide  synthesis  (SPPS)  and
subsequent exposure to visible-light for photofabrication to afford
senior  structure.  Considering  the  architecting  complexity  for
hierarchical  structures,  the  noncovalent  and covalent  interactions
would  work  together  to  guide  the  sequence  encoding  of
photoactive  peptides,  and  thereby  balancing  the  impact  from
hydrophilic/hydrophobic  properties,  pH  environment,  ionic
strength, and spacer occupation. Typically, double-ended tyrosine-
tyrosine  (YY)  is  used  as  the  binodal  photocrosslinker,  negatively
charged  L-aspartate  (D)  as  the  hydrophilic/ionic  regulator,  and
hydrophobic  pentamethylene  X  (ε-aminocaproic  acid)  as  the
flexible  spacer.  An  alternating  D–X  pair  is  introduced  in  the
strand of peptide sequences, so as to modulate spacer occupation,
adjust molecular amphiphilicity,  regulate charge distribution, and
control  particle  size  and  loading  capacity.  It  was  expected  that
visible-light  irradiation  could  be  applied  to  the  fabrication  of
functional  assemblies  from de  novo designed  peptides  to  host
cationic  indicators,  such  as  fluorescent  rhodamine  and  magnetic
GdIII, for exemplar near infrared (NIR) fluorescence and magnetic
resonance (MR) imaging applications. 
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2    Experimental
 

2.1    Materials
N-α-Fmoc-L-amino acids,  2-chlorotrityl  chloride  (CTC) resin,  o-
benzotriazole-N,N,N',N'-tetramethyluronium  hexafluoro-
phosphate  (HBTU),  and  N-hydroxybenzotriazole  (HOBt)  were
purchased  from  GL  Biochem.  Tris(2,2'-bipyridiyl)dichloro
ruthenium(II)  hexahydrate  (Ru(bpy)3Cl2·6H2O),  ammonium
persulfate,  N-methylmorpholine,  and  trifluoroacetic  acid  (TFA)
were  purchased  from  Sigma-Aldrich.  Rhodamine  800  (Rh800),
gadolinium(III)  chloride  hexahydrate,  genistein  (GE),
chlorpromazine  (Cpz),  methyl-β-cyclodextrin  (β-CD),  and
wortmannin  (WM)  were  purchased  from  TCI.  MitoTracker
Green,  LysoTracker  Green,  and  Hoechst  33342  were  purchased
from  KeyGEN  Biotech.  High-glucose  Dulbecco’s  modified  Eagle
medium  (DMEM),  trypsin,  fetal  bovine  serum  (FBS),  penicillin,
streptomycin,  and  phosphate-buffered  saline  (PBS)  were
purchased  from  Gibco  BRL.  N,N'-Dimethylformamide  (DMF),
ethyl  ether,  and  other  organic  solvents  were  used  as  received
without further purification. 

2.2    Synthesis of YY peptides
The YY peptides were synthesized on CTC resin via standard N-
(9-fluorenyl)  methoxycarbonyl  (Fmoc)  solid-phase  protocols  in
DMF.  For  the  coupling  of  each  amino  acid  (AA),  the  feeding
proportion of AA/HBTU/HOBt was fixed as 4 eq. vs. CTC resin,
and N-methylmorpholine was employed as the catalytic base. The
removal of Fmoc was performed with 20% piperidine. After solid-
phase  synthesis,  peptides  were  cleaved  from  resin  by  treatment
with  95%  TFA,  2.5%  H2O,  and  2.5%  triisopropylsilane  for  4  h.
Crude  products  were  precipitated  in  cold  ether  and  collected  by
filtration.  Prior  to  lyophilization,  the  deprotected  peptides  were
purified on a reverse-phase Accucore Vanquish C18 column by a
Thermo Scientific  Vanquish  UHPLC with  gradient  elution using
H2O/acetonitrile (0.05% TFA) as the mobile phase.

NH2-Tyr-Tyr-Acp-Tyr-Tyr-COOH  (YYXYY,  0DYY): High
resolution-electrospray  ionization  mass  spectrometry  (HR-ESI
MS): m/z = Cacld. 784.3558, found 784.3560 (err. +0.25 ppm) for
[M  +  H]+,  C42H50N5O10

+;  Calcd.  806.3377,  found  806.3375  (err.
−0.25  ppm)  for  [M  +  Na]+,  C42H49N5NaO10

+;  Calcd.  828.3197,
found  828.3194  (err.  −0.36  ppm)  for  [M  −  H  +  2Na]+,
C42H48N5Na2O10

+. 1H  nuclear  magnetic  resonance  (NMR)  (600
MHz,  DMSO-d6,  ppm) δ:  12.71  (br,  1H),  9.25  (m,  4H),  8.69  (br,
1H), 7.98 (m, 5H), 7.01 (br, 8H), 6.65 (br, 8H), 4.42 (m, 3H), 3.91
(m, 1H), 2.81 (m, 10H), 1.98 (m, 2H), 1.32 (m, 6H). Anal. Calcd.
for  C42H49N5O10:  C,  64.35;  H,  6.30;  N,  8.93.  Found:  C,  64.59;  H,
6.01; N, 8.57.

NH2-Tyr-Tyr-Acp-Asp-Acp-Tyr-Tyr-COOH  (YYXDXYY,
1DYY): HR-ESI  MS: m/z =  Cacld.  1,012.4668,  found  1,012.4674
(err.  +0.59  ppm)  for  [M  +  H]+,  C52H66N7O14

+;  Calcd.  1,034.4487,
found  1,034.4490  (err.  +0.29  ppm)  for  [M  +  Na]+,
C52H65N7NaO14

+;  Calcd.  1,056.4307,  found  1,056.4315  (err.  +0.76
ppm)  for  [M  −  H  +  2Na]+,  C52H64N7Na2O14

+;  Calcd.  1,078.4126,
found  1,078.4134  (err.  +0.74  ppm)  for  [M  −  2H  +  3Na]+,
C52H63N7Na3O14

+. 1H NMR (600  MHz,  DMSO-d6,  ppm) δ:  12.45
(br, 2H), 9.22 (m, 4H), 8.69 (br, 1H), 7.97 (m, 7H), 7.00 (br, 8H),
6.65 (br, 8H), 4.42 (m, 4H), 3.91 (m, 1H), 2.96 (m, 14H), 2.08 (m,
2H), 1.97 (m, 2H), 1.31 (m, 12H). Anal. Calcd. for C52H65N7O14: C,
61.71; H, 6.47; N, 9.69. Found: C, 62.08; H, 6.21; N, 9.93.

NH2-Tyr-Tyr-Acp-Asp-Acp-Asp-Acp-Tyr-Tyr-COOH
(YYXDXDXYY,  2DYY): HR-ESI  MS: m/z =  Cacld.  1,238.5621,
found  1,238.5615  (err. –0.48  ppm)  for  [M – H]–,  C62H80N9O18

–;
Calcd. 1,260.5441, found 1,260.5430 (err. –0.87 ppm) for [M – 2H
+  Na]–,  C72H95N11NaO22

–;  Calcd.  1,282.5260,  found  1,282.5248
(err. –0.94  ppm)  for  [M – 3H  +  2Na]–,  C72H94N11Na2O22

–. 1H

NMR (600 MHz, DMSO-d6, ppm) δ: 12.38 (br, 3H), 9.22 (m, 4H),
8.69 (br, 1H), 8.00 (m, 9H), 7.01 (br, 8H), 6.65 (br, 8H), 4.43 (m,
5H), 3.92 (m, 1H), 2.97 (m, 18H), 2.08 (m, 4H), 1.98 (m, 2H), 1.33
(m,  18H).  Anal.  Calcd.  for  C62H81N9O18:  C,  60.04;  H,  6.58;  N,
10.16. Found: C, 60.58; H, 6.41; N, 9.97.

NH2-Tyr-Tyr-Acp-Asp-Acp-Asp-Acp-Asp-Acp-Tyr-Tyr-COOH
(YYXDXDXDXYY, 3DYY): HR-ESI MS: m/z = Cacld. 1,466.6731,
found  1,466.6741  (err.  +0.68  ppm)  for  [M – H]–,  C72H96N11O22

–;
Calcd. 1,488.6551, found 1,488.6558 (err. +0.47 ppm) for [M – 2H
+  Na]–,  C72H95N11NaO22

–;  Calcd.  1,510.6370,  found  1,510.6375
(err.  +0.33 ppm) for [M – 3H + 2Na]–,  C72H94N11Na2O22

–;  Calcd.
1,532.6190,  found  1,532.6193  (err.  +0.20  ppm)  for  [M – 4H  +
3Na]–, C72H93N11Na3O22

–. 1H NMR (600 MHz, DMSO-d6, ppm) δ:
12.37 (br, 4H), 9.24 (m, 4H), 8.70 (br, 1H), 8.02 (m, 11H), 7.02 (br,
8H), 6.66 (br, 8H), 4.53 (m, 6H), 3.93 (m, 1H), 2.99 (m, 22H), 2.09
(m,  6H),  1.99  (m,  2H),  1.35  (m,  24H).  Anal.  Calcd.  for
C72H97N11O22: C, 58.88; H, 6.66; N, 10.49. Found: C, 59.13; H, 6.85;
N, 10.12.

NH2-Tyr-Tyr-Acp-Asp-Acp-Asp-Acp-Asp-Acp-Asp-Acp-Tyr-Tyr-
COOH (YYXDXDXDXDXYY, 4DYY): HR-ESI MS: m/z = Cacld.
1,696.7998,  found  1,696.7992  (err. –0.35  ppm)  for  [M  +  H]+,
C82H114N13O26

+;  Calcd.  1,718.7817,  found  1,718.7805  (err. –0.70
ppm)  for  [M  +  Na]+,  C82H113N13NaO26

+. 1H  NMR  (600  MHz,
DMSO-d6,  ppm) δ:  12.30  (br,  5H),  9.22  (m,  4H),  8.69  (br,  1H),
8.01 (m, 13H), 7.01 (br, 8H), 6.65 (br, 8H), 4.52 (m, 7H), 3.92 (m,
1H),  2.99  (m,  26H),  2.08  (m,  8H),  1.98  (m,  2H),  1.35  (m,  30H).
Anal. Calcd. for C82H113N13O26: C, 58.04; H, 6.71; N, 10.73. Found:
C, 58.59; H, 6.55; N, 10.36.

NH2-Tyr-Tyr-Acp-Asp-Acp-Asp-Acp-Asp-Acp-Asp-Acp-Asp-Acp-
Tyr-Tyr-COOH  (YYXDXDXDXDXDXYY,  5DYY): HR-ESI  MS:
m/z =  Cacld.  1,924.9108,  found  1,924.9080  (err. –1.45  ppm)  for
[M  +  H]+,  C92H130N15O30

+;  Calcd.  1,946.8927,  found  1,946.8918
(err. –0.46 ppm) for [M + Na]+, C92H129N15NaO30

+. 1H NMR (600
MHz,  DMSO-d6,  ppm) δ:  12.26  (br,  6H),  9.22  (m,  4H),  8.69  (br,
1H), 8.01 (m, 15H), 7.01 (br, 8H), 6.65 (br, 8H), 4.52 (m, 8H), 3.92
(m,  1H),  2.99  (m,  30H),  2.08  (m,  10H),  1.98  (m,  2H),  1.35  (m,
36H). Anal.  Calcd. for C92H129N15O30:  C, 57.40; H, 6.75; N, 10.91.
Found: C, 57.90; H, 6.92; N, 10.63. 

2.3    Photofabrication of peptide nanospheres (PNS)
Transparent  glass  vials  containing  YY  peptide  aqueous  solution
were  charged  with  Ru(bpy)3Cl2 (1  mol%)  and  ammonium
persulfate (2 eq.), and adjusted to desired pH condition (5, 7, and
9) with NaOH/HCl.  Then the scientific  vials  were mounted on a
homemade parallel photoreactor (4 channels) and irradiated from
one  side  upon  visible  light  405-nm  light-emitting  diodes  (LEDs)
(112  mW·cm−2,  50  mA  direct  current  (DC)  input)  for
photocrosslinking.  The  photoreaction  mixture  was  constantly
stirred at 300 rpm and maintained at 25 °C by a flow of external
cooling system. After 10 min photofabrication, the produced PNS
was  separated  by  centrifugation  and  washed  with  deionized  (DI)
water,  finally  redispersed  in  aqueous  media  and  served  as  stock
solution  for  further  use.  The  photocrosslinking  yield  was
calculated  based  on  the  weight  proportion  of  dry  product  to
feeding YY peptides. 

2.4    Photofabrication  of  Rh800-loaded  peptide
nanospheres (Rh@PNS)
Rh@PNS was prepared similar as that of PNS. 3DYY peptide (0.27
mM  and  pH  of  7)  was  chosen  as  the  optimized  condition.
Additionally,  Rh800  dye  (13.5–54.0  μM)  was  added  into  the
system as  the  NIR fluorophore.  After  photofabrication,  Rh@PNS
was  obtained  as  cyan  gel  solution.  Loading  efficiency  and
encapsulation efficiency were determined by a difference method
using the absorbance at 700-nm wavelength. 
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2.5    Photofabrication of GdIII-loaded peptide nanospheres
(Gd@PNS)
Gd@PNS was prepared similar as that of Rh@PNS. Alternatively,
GdCl3 (146  μM)  was  added  into  the  system  as  the  magnetic
resonance imaging (MRI) probe. After photofabrication, Gd@PNS
was  obtained  as  transparent  gel  solution.  And  the  gadolinium
content  was  determined  by  a  Varian  710ES  instrument  with
inductively  coupled  plasma  optical  emission  spectroscopy  (ICP-
OES). 

2.6    Characterizations
High-resolution  mass  spectrometry  experiments  were  performed
on a Thermo Scientific Q-Exactive spectrometer. 1H NMR spectra
were  recorded  on  a  Bruker  Ascend  600  MHz  spectrometer  and
referenced  using  the  residual  proton  signal  of  the  solvent.
Elemental  analyses  were  conducted  on  a  Carlo  Erba  1106
elemental  analyzer.  Fourier  transform  infrared  (FT-IR)  spectra
were  recorded  on  a  Thermo  Scientific  Nicolet  iS5  system.
Transmission electron microscopy (TEM) images was conducted
by JEM-2100F microscope at accelerating voltage of 200 kV with
an  EDS.  X-ray  photoelectron  spectroscopy  (XPS)  was  performed
on  a  Thermo  Scientific  ESCALAB  250Xi  spectrometer  with  a
mono  X-ray  source  Al  Kα excitation  (1,486.6  eV).  UV–visible
(UV–vis)  absorption  spectra  were  recorded  on  a  Shimadzu  UV-
2600 spectrophotometer. Fluorescence measurements were run on
a  Hitachi  F-2500  fluorescence  spectrophotometer.  Dynamic  light
scattering  (DLS)  and  zeta  potential  (ζ)  were  determined  by  a
Malvern  Nano-ZS90  Zetasizer.  Circular  dichroism  (CD)  spectra
were measured on a Jasco J-810 spectrometer using 1-mm quartz
cuvette. X-ray diffraction (XRD) patterns were obtained by using a
Bruker  AXS  D8  Advance  X-ray  diffractometer  with  Cu-Kα
radiation (λ = 1.5178 Å). 

2.7    Relaxivity measurements
Relaxivity of Gd@PNS was measured with varied concentration of
Gd3+ on a 7.0-T Bruker PharmaScan Micro-MRI instrument. The
pulse sequence was a T1 map-RATE sequence with the following
parameters:  repetition  times/echo  time  (TR/TE)  =  200,  400,  800,
1,500,  3,000,  and  5,000/11  ms;  field  of  view  (FOV)  =  5.0  cm2;
matrix  =  256  mm  ×  256  mm;  slice  thickness  =  1  mm;  and  slice
thickness = 1 mm. The longitudinal relaxation rate constant r1 was
calculated using a linear fit of the inverse of T1 relaxation time as a
function of [Gd3+]. 

2.8    Cell viability assay
Human  lung  adenocarcinoma  A549,  human  hepatoma  HepG2,
and human umbilical  vein  endothelial  cells  (HUVEC) were  used
to  evaluate  the  performance  of  PNS.  All  cells  were  cultured  in
DMEM,  which  was  supplemented  with  10%  FBS,  100  μg·mL−1

streptomycin,  and  100  U·mL−1 penicillin.  The  growing
environmental  requires  a  5%  CO2 atmosphere  with  95%  relative
humidity  at  37  °C.  The  cytotoxicity  of  PNS was  evaluated  on  an
Enspire  multimode  microplate  reader  (PerkinElmer)  at
wavelength  of  570  nm  using  3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium  bromide  (MTT)  assay,  and  details  are
presented in the Electronic Supplementary Material (ESM). 

2.9    Cellular imaging by confocal microscopy
Cells  were  seeded  at  a  density  of  1  ×  105/well  in  a  35-mm  glass
bottom culture dish and cultured overnight. After incubation with
Rh@PNS (1 mg·mL−1) for 4 h, the cells were then co-stained with
MitoTracker  Green,  LysoTracker  Green,  or  Hoechst  33342.
Organelle-specific imaging of mitochondria, lysosomes, and nuclei
was  performed  on  a  Leica  TCS-SP8  confocal  laser  scanning

microscopy  (CLSM).  For  quantitative  analysis  of  the  endocytic
pathway,  cells  were pretreated for  30 min with various inhibitors
of genistein (200 μg·mL−1), chlorpromazine (10 μg·mL−1), methyl-β-
cyclodextrin  (50  μM),  and  wortmannin  (50  nM)  prior  to  the
incubation with Rh@PNS. 

2.10    Flow cytometry analysis
Cells were seeded in a 6-well plate at a density of 1 × 106/well and
cultured  overnight.  After  treatment  with  Rh@NS  and  inhibitors,
the  cells  were  harvested  by  trypsinization  and  fixed  for  15  min
with  4  wt.%  paraformaldehyde.  The  cells  were  then  resuspended
in PBS for flow cytometry analysis on a BD LSRFortessa. 

2.11    Hemolysis assay
Red  blood  cells  (RBCs)  were  isolated  from  fresh  mice  blood  by
centrifugation  and  resuspended  in  PBS  buffer  for  further  testing.
For hemolytic analysis, the obtained RBC suspension (0.5 mL) was
incubated  with  Rh@PNS  and  Gd@PNS  (0.5  mL)  at  varied
concentration  of  7.81,  15.6,  31.3,  62.5,  125,  250,  500,  and
1,000  μM.  Deionized  water  and  PBS  were  used  as  positive  and
negative  control,  respectively.  After  2  h  incubation,  each  sample
was  centrifuged  at  3,000  rpm  for  10  min,  and  200  μL  of
supernatant was transferred to a 96-well plate. The absorbance of
hemoglobin  was  recorded  at  540  nm  on  a  microplate  reader  to
determinate  hemolysis  ratio:  The  percent  of  hemolysis  was
calculated  as  follows:  Hemolysis%  =  [(sample  absorbance  −
negative control)/(positive control − negative control)] × 100%. 

2.12    In vivo imaging, biodistribution analysis, and blood
circulation
Female BALB/c mice (6–7 weeks of age) were purchased from the
Animal  Center  of  CCMU.  All  animal  experiments  or  protocols
were reviewed and approved by the Animal Ethics Committee of
Capital  Medical  University.  Xenograft  tumor  model  was  created
by subcutaneous implantation of CT26 cells (1 × 107 in 50 μL PBS)
in  flank  region  of  BALB/c  nude  mice.  As  the  tumors  grew
approximately  100  mm3 in  volume,  the  mice  were  intravenously
injected  with  200  μL  of  PNS  probes.  After  anesthetized  with
isoflurane, the mice were photographed at indicated time intervals.
NIR fluorescence imaging was performed on a PerkinElmer IVIS
Spectrum  imaging  system,  and  MRI  was  recorded  on  a  7.0-T
Bruker  PharmaScan  Micro-MRI  instrument  with  multi-slice-
multi-echo  (MSME)  sequences.  For  biodistribution  analysis  of
Rh@PNS,  the  mice  were  sacrificed at  48  h  postinjection,  and the
representative  organs  including  heart,  liver,  spleen,  lung,  kidney,
and  tumor  tissue  were  excised  for ex  vivo NIR  fluorescence
imaging.  For  blood  circulation  of  Gd@PNS,  the  plasma
concentrations of Gd3+ were monitored on ICP-OES by sampling
at 0, 0.5, 1, 2, 4, 8, 12, 24, 48, and 72 h postinjection. 

2.13    In vivo biosafety analysis
For biosafety evaluation of Rh@PNS and Gd@PNS, BALB/c mice
were intravenously injected with 200 μL of PNS probes. At 14 days
postinjection,  blood samples  were  collected from orbital  sinus  by
quick  removal  of  the  mouse  eyeballs  for  hematological  analysis.
Major  organs  were  harvested  and  fixed  with  4  wt.%
paraformaldehyde,  then  embedded,  sectioned,  stained  with
hematoxylin  and  eosin  (H&E),  and  examined  on  a  Leica
DM6000B microscope. 

3    Results and discussion
 

3.1    Photofabrication of peptide nanoassemblies
For de novo design of linear peptide building blocks, the sequence
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encoding is guided by a combinatorial concept of noncovalent and
covalent  interactions.  Structurally,  the strand of  peptide sequence
was  capped with  photoactive  YY motifs  at  both termini,  and the
spacing was filled by alternating D–X pairs. The design took into
account  the  following  reasons:  (1)  The  bilateral  dityrosine  motifs
respond  to  visible  light  irradiation  to  provide  covalent-anchored
photocrosslinking sites; (2) the alternating pairs of hydrophobic X
and hydrophilic D adjust molecular amphiphilicity to facilitate the
photofabrication of assemblies; (3) hydrophobic X, bearing flexible
pentamethylene  structure,  modulates  the  spacer  occupation  of
crosslinkable  dityrosine  network;  and  (4)  the  repeating  of
negatively  charged  D  regulates  the  charge  distribution  of  linear
peptides  as  well  as  corresponding  nanoassemblies,  and  controls
the loading capacity of cationic guest probes.

Synthetically,  these de  novo designed  peptides  could  be
routinely  prepared  on  CTC  resin  in  DMF  via  standard  Fmoc
SPPS.  Herein,  a  series  of  double-ended  YY  peptides  (xDYY, x =
0–5, Fig. 1(a)) were prepared with repeating D–X pairs, definitely
characterized by 1H NMR and HR-ESI MS (Figs.  S17–S28 in the
ESM). All these peptide amphiphiles underwent rapid crosslinking
upon  visible  light  irradiation  within  merely  10  min.  During  this
process, tyrosine was initially photooxidized to tyrosyl radical that
would  take  place  coupling  reaction with  nearby  tyrosine  to  form
covalent  bond  through  proton-mediated  electron  transport  [55].
The  photofabrication  of  peptide  nanospheres  was  highly
dependent  on  either  pH condition  (5,  7,  and  9)  or  the  repeating
numbers  of  D–X  pairs  (xDYY  peptides, x =  0–5).  Transmission
electron  microscopy  (TEM,  Table  S1  in  the  ESM)  provided  a
direct  comparison  of  these  peptidic  assemblies.  For  lack  of
hydrophilic  D  units,  the  products  of  0DYY and  1DYY exhibited
strong  aggregation  after  photocrosslinking.  The  insufficient
occupation  of  hydrophobic  spacer  X  would  increase  molecular
rigidity  and  restrict  spontaneous  formation  of  cascaded
nanospheres.  While  for  the  D-rich  peptide  sequences  of  4DYY
and 5DYY, the photogeneration of nanostructure was suppressed
seriously  by  their  excessive  solubility  in  aqueous  media,  and  the
prolonged D–X pairs drove discrete distribution of the dityrosine

crosslinkers,  thus  hindering  the  intermolecular  assembling  of
peptidic  building  blocks.  The  moderate  D–X  pairs  endowed  the
best  matching  between  molecular  rigidity  and  amphiphilicity.
Visible  light  exposure  of  3DYY  and  2DYY  produced  core–shell
structured  PNS  through  a  cascade  photocrosslinking  pathway
(Fig. 1(b) and Fig. S2 in the ESM). At optimized pH condition of
7,  aspartate  D  residues  on  peptide  sequences  would  be  ionized
partially  in  aqueous  media,  and  a  delicate  balance  between
molecular  charge  and  hydrophobicity  would  minimize
aggregation  and  produce  well-defined  PNS  through  noncovalent
and covalent interactions. Similar to the seed-mediated model [56,
57],  the  PNS  nanoassembly  would  generate  through
photocrosslinking  upon  irradiation  and  grow  gradually  till
exhausting  the  feeding  peptide  in  solution.  We  checked  the
influence  from irradiation  time  and  intensity  (Figs.  S3  and  S4  in
the  ESM).  As  shortened  the  irradiation  time  to  5  min,  the
obtained PNS would stick together after treatment because of too
soft  shell  and  insufficient  crosslinking;  while  prolonged  the
irradiation time to  20  min,  the  PNS product  showed no obvious
changes, but seemed to be harder than that of 10 min at standard
condition  (1.35  mM,  pH  7,  and  112  mW·cm−2@405  nm).  The
formation  of  core–shell  structure  is  probably  due  to  a  cascaded
aging  process  at  different  crosslinking  level.  To  make  the  PNS
uniformity,  our  current  strategy  is  to  suppress  the  photoreaction
time  and  improve  dynamics  at  stabilized  condition  of  feeding
peptide  concentration,  stirring  rate,  temperature,  and  radiation
distribution.

Further, we monitored the photocrosslinking of 3DYY peptide
amphiphile using 1H NMR. As shown in Fig. 1(c),  the protons of
phenyl group on tyrosine were observed diminished upon 10 min
irradiation.  Considering  the  correlation  of  chemical  shifts  from
tyrosine  (H1 and  H2)  to  dityrosine  (Ha,  Hb,  and  Hc),  this
photochemical conversion could be calculated as 14.6% based on
the  decreased  integration  at  7.02  ppm.  On  the  other  side,  we
monitored the photophysical  changes on UV–vis absorption and
fluorescence  spectroscopies  (Figs.  1(d) and 1(e)).  A  shoulder
absorption  band  arising  at  327  nm  was  accompanied  with  an

 

Figure 1    (a) De novo designed xDYY peptides, x =  0–5.  (b)  Schematic  photogeneration of  peptide nanospheres  from 3DYY under  visible  light  irradiation.  (c) 1H
NMR comparison between 3DYY peptide (bottom, in DMSO-d6) and PNS (top, in DMSO-d6/D2O, 9/1). Time-dependent changes of (d) UV–vis absorption and (e)
fluorescence emission spectra for 3DYY peptide upon irradiation of 0, 2, 4, 6, and 10 min.
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appearance  of  photoluminescence  (PL)  at  406  nm,  and
corresponding  intensities  were  increasing  gradually  with  the
prolonged irradiation time. Apparently, it was due to the covalent
crosslinking of dityrosine motifs [58].

Through kinetic control of crosslinking, the particle size of PNS
could be easily adjusted by the feeding concentration of 3DYY. At
low  concentration  less  than  0.1  mM,  there  were  no  obvious
nanoassemblies  observed  after  photofabrication.  At  moderate
concentration,  the  particle  size  of  PNS increased with  the  raising
concentration  of  feeding  [3DYY]  (Figs.  2(a)–2(c). Fig. 2(c1),  0.27
mM,  109  ±  18  nm; Fig. 2(c2),  1.35  mM,  223  ±  48  nm;  and Fig.
2(c3), 2.70 mM, 309 ± 45 nm). As the concentration excessed than
4  mM,  irregular  aggregates  would  generate  during  irradiation.
And the variation of PNS particle size was also in accordance with
the  measurements  from  DLS  (Fig. 2(d). Fig. 2(d1), 154  ±  21  nm;
Fig. 2(d2), 243 ± 23 nm; and Fig. 2(d3), 343 ± 46 nm).

Though  the  morphology  of  PNS  presented  highly  ordered
core–shell  structure  in  high-resolution  TEM,  the  lack  of
diffraction  contrast  and  lattice  fringes  indicated  its  amorphous
nature  (Fig. 3(b)),  which  could  be  confirmed  by  the  absence  of
characteristic  diffuse  halo  in  selected  area  electron  diffraction
(SAED, the inset of Fig. 3(b)) pattern and diffraction peak in XRD
(Fig. S5 in the ESM). The conformation of 3DYY peptide and its

nanoassembly  was  further  compared  by  CD.  After
photocrosslinking,  PNS  well  retained  the  characteristic  peaks  at
193  and  225  nm,  which  could  be  assigned  to  the  β-turn
conformation  on  peptide  backbone  and  the  phenolic  side  chains
of  tyrosine,  respectively  (Fig. 3(d)).  Additionally,  similar  FT-IR
spectra  of  3DYY  and  PNS  (Fig. 3(e))  suggested  the  continuity  in
functional groups of hydroxyl O–H (stretch, 3,280 cm−1), aromatic
C–H  (stretch,  3,078  cm−1),  alkyl  C–H  (methylene,  stretch,  2,925
cm−1;  methine,  stretch,  2,862  cm−1),  carbonyl  C=O  (stretch,  1,716
cm−1),  amide  (I  band,  stretch,  1,644  cm−1;  II  band,  stretch,  1,535
cm−1),  C–N  (stretch,  1,230  cm−1),  phenyl–O  (stretch,  1,172  cm−1),
and  aromatic  ring  on  tyrosine  (stretch,  1,615,  1,516,  and  1,442
cm−1; bending, 830 cm−1). 

3.2    Photofabrication  of  Rh800-  and  Gd3+-loaded  peptide
nanoassemblies
For  the  cationic  feature,  Rh800  could  be  easily  coassembled  into
system to obtain Rh@PNS through electrostatic  binding with the
negatively  charged  D  residues.  The  reproducibility  of
nanospherical  morphology  well  retained  after  photocrosslinking
(Fig. 3(f)),  and  the  preferable  particle  size  of  Rh@PNS  was
controlled  to  124  nm  for  less  reticuloendothelial  system  (RES)
uptake and prolonged blood circulation. Additionally, the partially

 

Figure 2    (a) and (b) TEM images, and (c) and (d) corresponding particle size distributions ((c) TEM statistics and (d) DLS measurements) for 3DYY peptide (col. 1,
0.27 mM; col. 2, 1.35 mM; and col. 3, 2.70 mM) after photocrosslinking.

  Nano Res.  5
 

 

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



negative  surface  in  zeta  potential  of  −23.8  mV  (Fig. 3(c))
guaranteed its further application to in vivo systemic delivery.

The encapsulation of Rh800 in PNS system was monitored by
UV–vis absorption spectra,  and could be quantitatively evaluated
by the characteristic absorbance from Rh800 at 710 nm (Fig. 3(g)
and Fig. S6  in  the  ESM).  The  loading  content  varied  accordingly
with  the  feeding  proportion  of  Rh800/PNS  in  the  range  from
5.2  wt.%  to  18.2  wt.%  (Table  S2  in  the  ESM).  Corresponding
encapsulation  efficiency  of  rhodamine  dye  was  as  high  as  90.0%,
even  at  highest  feeding  ratio  of  20  wt.%,  the  value  still  exceeded
78%.  It  indicated  that  the  coassemble-photocrosslinking  strategy
could  be  employed  to  fabricate  functional  peptide  nanoprobes.
Similar  to  absorbance,  slightly  bathochromic  fluorescence  shift
was  observed  in  this  Rh800-loaded  peptide  nanospheres  (Fig.
3(h)).  Compared to  free  molecules  (143 a.u.@700 nm),  Rh@PNS
presented  slight  increment  (203  a.u.@717  nm)  in
photoluminescence at same dye concentration. More interestingly,
this  photoluminescence  highly  depended  on  the  excitation.  As
excited  at  400  nm,  Rh@PNS  even  exhibited  4.6  times’
enhancement  in  PL  intensity  at  the  same  measurement
configuration.  This  phenomenon  was  probably  due  to  light-
harvesting effect [59], where biphenyl linkage, dityrosine, could act
as the antenna motif and induce Förster energy transfer to Rh800
dye in this encapsulated PNS system.

Paramagnetic Gd3+ ion, as a T1-weighted contrast agent, is often
employed  to  fabricate  MRI  nanoprobes  in  hybrid  systems.  For
bearing  three  units  of  positive  charge,  Gd3+ exhibited  strong
electrostatic  interaction  with  3DYY  peptide  and  could  be  facilely
incorporated in PNS system through photocrosslinking with high
encapsulation  efficiency  (>  90%).  The  obtained  Gd@PNS
nanoprobe  presented  reasonable  GdIII loading  content  according

to  feeding  concentration.  TEM  photograph  confirmed  the  well
retained core–shell structure of PNS after GdIII encapsulation, and
the  average  particle  size  was  observed  as  117  nm  at  optimized
condition.  Energy  dispersive  X-ray  spectroscopy  (EDS, Fig. 3(i))
revealed  the  coexistence  and  homogeneous  distribution  of  C,  N,
O, and Gd elements in this nanoprobes.

XPS further demonstrated the composition and chemical  state
of  Gd@PNS  (Fig. 3(j)),  and  content  analysis  (C,  52.77%;  O,
22.54%;  N,  8.02%;  and  Gd,  11.51%,  Table  S3  in  the  ESM)  was
qualitative  in  agreement  with  that  from  elemental  analysis  (C,
58.69%;  H,  6.72%;  and  N,  10.15%)  and  ICP-OES  (Gd,  11.61%).
Especially,  an O–Gd peak was observed at  534.1 eV in XPS (Fig.
3(j4)),  indicating  the  O–Gd  coordination  through  phenol  or
carboxyl groups in PNS, which was also verified by a slight shift of
C=O  to  higher  wavenumbers  of  1,728  cm−1 in  FT-IR  spectrum
(Fig. 3(e)).

As  photofabricated  by  covalent  anchoring,  both  of  Rh@PNS
and  Gd@PNS  nanoprobes  exhibited  high  stability  in  different
aqueous  media  (deionized  water,  PBS,  and  DMEM  cell  culture
medium containing 10% FBS) and pH (5–10) environment (Figs.
S7  and  S8  in  the  ESM).  The  crosslinked  dityrosine  networks
would maintain the structural robustness and integrity for peptide
nanoprobes,  thus  rendering  them  suitable  for  wide  biological
applications. 

3.3    In vitro biocompatibility and cellular uptake
During  MTT  test  (Fig. S9  in  the  ESM),  both  of  Rh@PNS  and
Gd@PNS  nanoprobes  exhibited  no  significant  cytotoxicities  (cell
viability > 95%) towards A549, HepG2 tumor cells,  and HUVEC
normal  cells  within  3  days’ incubation.  Moreover,  the  hemolytic

 

Figure 3    Characterizations of peptide nanospheres. (a) Proposed nanostructure of PNS. (b) High-resolution TEM image and corresponding SAED pattern (inset) of
PNS. (c) Zeta potentials of 3DYY peptide, PNS, Rh@PNS, and Gd@PNS. (d) CD spectra of 3DYY peptide and PNS in PBS. (e) FT-IR spectra of 3DYY peptide, PNS,
and Gd@PNS. (f) TEM image of Rh@PNS. (g) and (h) UV–vis absorption and fluorescence spectra of PNS, Rh800 dye, and Rh@PNS in PBS. (i) TEM image and
corresponding EDS profiles of Gd@PNS. (j) Survey and deconvoluted high-resolution XPS spectra of Gd@PNS. (k) and (l) T1 relaxivity plots and T1-weighted images
(grayscale, top; pseudo-colored, bottom) of Gd@PNS and Gd-DOTA at varied concentrations.
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behavior of PNS was assessed by red blood cell hemolysis (Fig. S10
in  the  ESM).  Compared  to  the  positive  control  of  hemoglobin
leaking  in  DI  water,  neither  Rh@PNS  nor  Gd@PNS  caused
notably  hemolytic  activity,  even  at  high  concentration  of
1,000 μM, corresponding hemolysis rate was only 1.5% and 0.7%,
respectively.

The cellular uptake of Rh@PNS nanoprobe was investigated in
A549  and  HepG2  tumor  cells  using  CLSM  (Figs.  S11(a)–S11(c)
and S12(a)–S12(c) in the ESM) and flow cytometry analysis (Figs.
S11(d),  S11(e),  S12(d),  and  S12(e)  in  the  ESM).  Strong  NIR
fluorescence  in  all  three  samples  indicated  the  independence  on
different  particle  size  during  cell  internalization.  Further,  the
internalization behavior was assessed by independent experiments
(Figs.  4(e)–4(g),  and Figs.  S13 and S14 in the ESM) of  4  °C,  GE,
Cpz,  β-CD,  and  WM.  Quantitative  analysis  revealed  the  cellular
uptake  reduced by  more  than 90% at  low temperature,  implying
that  the  peptidic  nanoprobe  traverses  the  cell  membrane  via  an
energy-dependent  pathway.  While  in  the  presence  of  various
inhibitors, only GE presented an inhibitory rate of ~ 50%, that acts
on  tyrosine  kinase  and  blocks  caveolae-mediated  pathway.  We
further  performed  the  subcellular  localization  with  commercial
LysoTracker or MitoTracker in tumor cells.  Rh@PNS nanoprobe
presented excellent targeting to lysosomes and exhibited a perfect
overlap with LysoTrackers Green (Pearson’s r, 0.73 ± 0.09, A549;
0.69 ± 0.17, HepG2; Figs. 4(a)–4(d)). 

3.4    In vivo NIR and MR imaging
Guided by the efficient cellular uptake of Rh@PNS, real-time NIR
fluorescence imaging was performed on a subcutaneous xenograft
mouse  model  within  48  h.  As  the  mice  treated  by  Rh@PNS,  the
NIR fluorescence in tumor region increased gradually with a time-
dependent  accumulation of  nanoprobe  and reached a  maximum
at  16  h  post  intravenous  injection  (Fig. 5(a)).  While  in  Rh800-
treated mice group, the NIR fluorescence was almost absent at the
tumor site (Fig. 5(b)), implying a rapid clearance of molecular dye
from blood circulation. In addition, the tumor-selectivity was also
evident by comparison in ex vivo tissue fluorescence images in Fig.
5(c).  Clearly,  this  specific  imaging feature should be attributed to
the  enhanced  permeability  and  retention  (EPR)  effect  from
peptidic  nanoprobes.  The  signal-to-noise  ratio  (S/N  =  (mean
signal – mean  background)/standard  deviation  of  background)
and  signal-to-background  ratio  (S/B  =  mean  signal/mean
background)  of  tumor  site  for  Rh@PNS  were  evaluated  as  14.3
and  5.3,  respectively,  these  values  are  comparable  to  other
representative peptide assemblies [60, 61].

Prior to MRI application, the T1-weighted relaxivity rate of GdIII

encapsulated  nanoprobe  was  evaluated  on  a  7.0  T  magnetic
resonance  system.  As  shown  in Fig. 3(k),  the  longitudinal
relaxivity  (r1)  of  Gd@PNS  was  calculated  as  8.71  mM−1·s−1,  more
than  twice  that  of  commercial  contrast  agent,  Gd-DOTA
(Dotarem,  Gd(III)-N,N',N'',N'''-tetracarboxymethyl-1,4,7,10-

 

Figure 4    (a)–(d) Colocalization of Rh@PNS with LysoTracker Green and MitoTracker Green in A549 and HepG2 cells, respectively. Cell were counterstained with
Hoechst  33342  (blue)  for  nuclei.  Enlarged images  are  magnified  from boxed regions.  (e)–(g)  Flow cytometry  analysis  and quantification of  Rh@PNS in  A549 and
HepG2 cells at 4 °C or in the presence of various inhibitors (n = 3, *p < 0.05, and **p < 0.01).
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tetraazacyclododecane, r1 =  4.22  mM−1·s−1).  This  value  is
comparable  to  recent  published  works  (Table  S5  in  the  ESM).
Remarkably,  the  magnetic  resonance  images  of  Gd@PNS
presented  much  higher  contrast  than  those  of  Gd-DOTA  at  the
same  Gd3+ concentration  and  apparatus  configuration  (Fig. 3(l)).
This  enhancement  in  proton  relaxivity  could  be  ascribed  to
exceptional  stability  as  well  as  suitable  particle  size  from  the
spherical peptide nanostructure, which is beneficial for improving
the diagnostic sensitivity at tumor site. Figures 5(d) and 5(e) show
the in  vivo MRI profiles  of  Gd@PNS in tumor-bearing mice,  the
T1-weighted  images  exhibited  maximal  brightness  and  provided
discriminative  tumor  delineation  at  16  h  post  intravenous
injection,  consistent  with  the  dynamics  of  Rh@PNS  in  NIR
fluorescence imaging. In comparison, the signals from Gd-DOTA
presented weak selectivity in tumor region and quickly faded out
to  background  (Figs.  5(f) and 5(g)).  It  demonstrated  that  GdIII

encapsulated  PNS  system  could  serve  as  efficient  MRI  contrast
agent and be facilely applied to cancer diagnostics.

The in  vivo metabolism  of  GdIII encapsulated  PNS  could  be
monitored by blood concentration of  Gd3+ through ICP-OES.  As
showed  in Fig. 5(i),  the  kinetic  curve  of  Gd@PNS  displayed  a
relatively long blood circulation lifetime (t1/2) of ~ 5 h. In contrast,
small-molecular  GdIII chelate  was  rapidly  eliminated  from  the
blood  compartment,  less  than  half  of  intravenously  injected  Gd-
DOTA remained after 15 min duration. The tissue accumulation
of  gadolinium  was  also  examined  (Fig. 5(h)).  At  24  h  post
injection,  the  detected  Gd3+ content  in  Gd@PNS  treated  mice
group was more than 15 times that of Gd-DOTA in tumor tissue.
This  prompt accumulation of  Gd@PNS nanoprobe at  tumor site
could  be  attributed  to  the  optimized  matching  between  particle
size  and  surface  potential  in de  novo designed  peptide  system,
thereby enhancing passive  targeting through EPR and facilitating
specific tumor imaging. 

3.5    In vivo biosafety analysis
For  hematological  analysis,  all  of  key  functional  indicators,
including  alanine  aminotransferase  (ALT),  alkaline  phosphatase
(ALP), aspartate aminotransferase (AST), creatinine (CRE), blood
urea  nitrogen  (BUN),  and  uric  acid  (UA),  showed  no  obvious
difference  between  nanoprobes  and  control  groups.  It  indicated
that  both  of  Rh@PNS  and  Gd@PNS  nanoprobes  would  not
impact the physiological functions of liver and kidney (Figs. S15(a)
and  S15(b)  in  the  ESM).  Besides,  all  blood  routine  parameters
were within the normal ranges and displayed no evident variation
(Table  S6  and Fig. S16  in  the  ESM),  demonstrating  the
nonoccurrence  of  hematopoietic  cell  damage  or  inflammatory
response  in  blood  test.  For  histological  examination  from  H&E
staining,  no  appreciable  physiological  morphology  changes  and
adverse  effects  were  observed  in  major  organs  like  heart,  liver,
spleen,  lung,  and  kidney  (Fig. S15(d)  in  the  ESM).  Additionally,
the monitoring on body weight exhibited no significant difference
among nanoprobes  and control  groups  (Fig. S15(c)  in  the  ESM).
With  possession  of  high  biocompatibility  and  biosafety,  these
peptide  nanoprobes  would  be  suitably  applied  to  a  number  of
biomedical scenarios. 

4    Conclusions
In  conclusion,  we  combined  noncovalent  and  covalent
interactions  together  to  overcome  the  structural  vulnerability  of
peptide  assembly  and  photochemically  architect  functional
nanoprobes  from  synthetic  peptides.  Structurally,  the de  novo
designed  peptide  sequence  was  capped  with  photoactive  YY
motifs  at  both  termini,  and  the  spacing  was  filled  by  alternating
D–X pairs.  The bilateral  dityrosine structure responded to visible
light  irradiation  to  generate  covalent-anchored  multinodes  and
fabricated  PNS  in  aqueous  media  within  merely  10  min.

 

Figure 5    (a) and (b) In vivo NIR fluorescence images of CT26 tumor-bearing mice at indicated time intervals of 4, 8, 16, 24, and 48 h after intravenous injection of
Rh@PNS and Rh800 at the dose of 0.6 mg·kg−1, based on the feeding amount of Rh800 dye. (c) Ex vivo fluorescence images of excised organs and tumors at 48 h post
injection of Rh@PNS and free Rh800. (d)–(g) T1-weighted MRI images of tumors at indicated time intervals of 0, 4 or 0.5, 8, 16, 24, and 48 h after intravenous injection
of Gd@PNS and Gd-DOTA at the dose of 0.5 mg·kg−1, based on the feeding amount of Gd3+. The yellow circle showed the tumor site. (h) Quantitative biodistribution
of Gd@PNS and Gd-DOTA in various organs at 48 h postinjection (n = 3 and **p < 0.01). (i) Plasma concentration of Gd3+ at different time postinjection of Gd@PNS
and Gd-DOTA (n = 3).
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Additionally, the modulation of alternating pairs of hydrophilic D
and  hydrophobic  X  in  occupying  spacer  could  adjust  molecular
amphiphilicity,  regulate  charge  distribution,  and  control  particle
size  and  loading  capacity.  With  possession  of  entirely  peptide-
based matrix, this PNS system exhibited excellent biocompatibility
and  biosafety.  Utilizing  a  coassemble-photocrosslinking  strategy,
the  PNS  could  be  further  functionalized  and  host  cationic
indicators  of  fluorescent  rhodamine  and  magnetic  GdIII for
exemplar  NIR  fluorescence  and  MR  imaging  applications.  If
combined with permutation of peptide sequences in database, this
research  would  pave  a  more  direct  pathway  from de  novo
designed  peptides  to  biofunctional  nanostructures  for  various
biomaterial and biomedical applications. 
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