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ABSTRACT: Lead  halide  perovskite  nanocrystals  (NCs)
exhibit  excellent  optoelectronic performance and have drawn
great interests in the fields of biological imaging and sensing.
However, the poor stability of CsPbX3 (X = Cl, Br, I) in water is
still  a  challenge  to  hinder  their  practical  applications.  In  this
work,  a  facile  strategy  has  been  developed  for  aqueous
synthesis of CsPbX3 nanocrystals, in which L-glutamic acid (L-
Glu)  has  been  used  to  replace  oleic  acid  in  the  synthetic
process.  Benefiting  from  the  synergic  effects  of  L-Glu  and
oleylamine  (OAm),  CsPbBr3  nanocrystals  (L-Glu/OAm-
CsPbBr3  NCs)  with  high  water  stability  have  been  directly
prepared under a mild condition at room temperature in water,
facilitated by the process of crystal phase transformation from
Cs4PbBr6 to CsPbBr3. L-Glu/OAm-CsPbBr3 NCs exhibit a high
quantum  yield  of  85% and  a  narrow  full  width  at  half  maximum of  16  nm,  demonstrating  their  efficient  luminescence  in
water. Typically, L-Glu on the surface have contributed greatly to an acidic environment and passivation of surface defects,
improving the water stability and dispersibility of CsPbBr3 nanocrystals. Moreover, L-Glu/OAm-CsPbBr3 NCs exhibit  great
biocompatibility due to the presence of L-Glu, resulting in their good performance for HeLa cell imaging. Thus, we propose
a facile  and effective method to  prepare CsPbBr3 nanocrystals  with  excellent  water  stability  by using L-Glu and OAm as
cooperated ligands and expand their application in cell imaging.
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1    Introduction
Lead  halide  perovskite  nanocrystals  (LHP  NCs)  have  attracted
significant  interests  due  to  their  exceptional  photoelectronic
properties, including narrow half-peak width, high quantum yields,
and  tunable  emission  [1−6].  Thus,  LHP  NCs  are  proved  to  have
great potentials for applications in the fields of light-emitting diodes
[7, 8],  liquid crystal  displays [9],  solar cells [10, 11],  lasers [12, 13],
photoelectric detection [14, 15] and bioimaging [16−19]. Especially
for  imaging  of  cells  and  tissues,  there  still  remain  the  challenges

including  degraded  image  quality,  light  scattering,  spontaneous
fluorescent  interference  and  reduced  resolution  due  to  complex
morphological  structures.  The  luminous  advantage  of  LHP  NCs
shows  their  potential  for  application  in  biological  imaging.
However,  there  is  a  main  obstacle,  i.e.,  the  poor  stability  and
dispersibility  in  aqueous  solution  arising  from  their  inherent
ionicity  and  low  energy  of  formation,  which  has  largely  restricted
their  practical  applications  [20−22].  The  degradation  of  LHP NCs
can  be  commonly  observed  when  they  are  exposed  to  the
environments  with  light,  high-temperature,  oxygen  and  moisture
[23−27].  Since  the  stability  of  LHP  NCs  is  an  intractable  problem
that needs to be eagerly addressed, various methods have also been
developed,  such  as  surface  passivation,  ion  doping  and  matrix
encapsulation  [28−31].  Nevertheless,  these  strategies  often  require
complicated  post-modification  that  results  in  degradation  of
nanocrystals  and  undesirable  optical  performance  [32].  Moreover,
the  hot  injection,  ligand-assisted  reprecipitation,  solvothermal
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method and ultrasonic method often suffer the problems of tedious
procedures,  harsh  conditions  (such  as  high  temperatures,  inert
gases) or the toxic solvents (such as toluene) [3, 33−35]，even they
are  the  classical  and well-known synthetic  methods  for  LHP NCs.
The hydrophobic ligands with long chains always close the surface
of  nanocrystals  and  cause  the  poor  dispersion  in  polar  solvents,
which largely impede their production [36, 37].

Typically,  the  aqueous  synthesis,  as  a  green  and gentle  method,
has  been  widely  employed  in  preparation  of  chalcogenide
semiconductor nanocrystals, which has significantly expanded their
applications  in  biological  environment.  However,  since  the  water
molecules can decompose the LHP NCs and quench fluorescence,
it is still kept in challenge to maintain the stability of their structures
and fluorescent efficiency. As a result, the important role of water in
the  synthetic  process  has  been  continuously  investigated  [38, 39].
The  introduction  of  trace  water  can  control  the  environment  of
crystallization, further regulating their size, morphology, and optical
properties  [40].  And  then,  the  water-stable  CH3NH3PbX3
nanocrystals  could  also  be  directly  synthesized  in  the  acidic
medium [41], demonstrating that the pH value of aqueous solution
could  influence  the  charge  of  surface  and  equilibrium  of
dissolution.  For  instance,  CsPbX3 NCs  could  be  synthesized  and
stabilized in aqueous solution via the in-situ preparation by using 4-
bromobutyric  acid  [42]  and  5-bromovaleric  acid  [43]  as  the
substituted  ligands  instead  of  oleic  acid.  Further  evidence  has  also
indicated  that  water  could  induced  the  phase  transition  of  LHP
NCs from Cs4PbX6 to  CsPbX3,  benefiting  from their  inherent  soft
lattices [44]. To synthesize inorganic lead halide perovskite CsPbX3
(X  =  Cl,  Br  and  I),  the  aqueous  phase  synthesis  is  still  in  infancy.
Except  direct  synthetic  methods  in  aqueous  media,  the  post-
synthetic  conversion  has  also  been  widely  reported  to  prepare  the
LHP NCs [45−47].  Some biomolecules,  such as  proteins,  peptides,
carbohydrates,  nucleotides,  etc,  have been used as ligands for LHP
NCs  after  substitution  and  proved  to  enhance  their  stability,
luminescence,  conductivity,  and  biocompatibility  properties

[48−52].  Compared  with  proteins  and  polypeptides  with  complex
structures, different folding degree and diverse spiral mode, amino
acids would exhibit significant advantages to promote the aqueous
media  syntheses  of  LHP NCs.  Amino acids  have  simple  and clear
structures,  which  would  be  helpful  to  study  the  specific  effects  of
structures  and  the  synthetic  mechanism.  This  post-synthesized
transformation  also  inspired  us  to  directly  synthesize  CsPbBr3
nanocrystals  in  aqueous  media,  which  is  significant  not  only  to
develop  the  facile  aqueous  synthesis  but  also  to  realize  their
applications in biological fields.

Amino  acids  can  be  used  to  directly  synthesize  CsPbBr3
nanocrystals  instead  of  post-synthetic  conversion.  Herein,
considering  the  synergistic  effects  of  ligands  and  acid  aqueous
environment could potentially facilitate the stabilization of CsPbBr3
nanocrystals,  L-glutamic  acids  (L-Glu),  as  a  biocompatible  and
acidic  amino  acid,  could  be  selected  as  the  ligands  for  the  surface
modification.  L-Glu  could  not  only  provide  the  acidic  aqueous
media but also passivate the surface defects of nanocrystals. Besides,
the  water-triggered  crystal  phase  transition  from  Cs4PbBr6 to
CsPbBr3 can be also realized. As consequence, by using L-Glu and
oleylamine (OAm) as the cooperated ligands, the highly-stable and
well-dispersed  CsPbBr3 nanocrystals  with  efficient  luminescence
could  be  easily  obtained,  which  retained  in  aqueous  solution  and
avoided the structural degradation for 88 h. Importantly, the double
ligand-stabilized  CsPbBr3 nanocrystals,  i.e.,  L-Glu/OAm-CsPbBr3
NCs,  could  be  applied  for  the  cell  imaging.  This  work  provides  a
new  idea  for  the  exploration  of  facile  methods  to  prepare  highly
stable  CsPbBr3 nanocrystals  with  excellent  optical  performance  in
aqueous media, especially those for biological applications. 

2    Results and discussion
As depicted in Fig. 1(a), a facile and environment-friendly synthetic
method  was  developed  to  effectively  obtain  water-stable  CsPbBr3
nanocrystals  in  aqueous  media,  which  was  facilitated  by  an

 

Figure 1    (a) Schematic illustration of the synthetic route and phase transformation process of L-Glu/OAm-CsPbBr3 NCs. (b) SEM (scale bar: 500 nm), (c) TEM (scale
bar: 100 nm) and (d) HRTEM (scale bar: 5 nm) images of the Cs4PbBr6 precursor. (e, f) TEM (scale bar: 50 nm in (e), 20 nm in (f)) and (g) HRTEM (scale bar: 5 nm)
images  of  L-Glu/OAm-CsPbBr3 NCs.  (h)  XRD  spectra  of  Cs4PbBr6 precursor  (blue  line)  and  L-Glu/OAm-CsPbBr3 NCs  (red  line)  compared  to  their  corresponding
spectra of standard power diffraction patterns. (i) Schematic illustration of the crystal transformation from Cs4PbBr6 to CsPbBr3 in water.
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interesting  water-induced post-synthetic  transformation process  of
Cs4PbBr6 to  CsPbBr3.  Firstly,  Cs4PbBr6 precursor  was  synthesized
by using a mild approach in the presence of OAm. The addition of
an appropriate amount of OAm to N,N-dimethylacetamide (DMA)
dissolved  with  equimolar  CsBr  and  PbBr2 could  initiate  the
reaction,  resulting in  white  precipitates.  According to  the  previous
literatures, excess OAm promotes the formation of Cs4PbBr6 phase,
which  is  negligibly  influenced  by  the  ratio  of  Cs/Pb  [45, 53].
Besides,  the  rhombohedral  shaped  particles  of  Cs4PbBr6 with  an
average diameter of 430 nm × 600 nm could be observed by both
scanning  electron  microscope  (SEM)  and  transmission  electron
microscopy (TEM) images (Figs. 1(b) and 1(c)). As depicted in Fig.
1(d) of  the  high-resolution  transmission  electron  microscopy
(HRTEM)  image,  the d-spacing  of  Cs4PbBr6 precursor  was
measured to be 6.87 Å, which was consistent with the (110) plane of
rhombohedral Cs4PbBr6 precursor [54]. The formation of Cs4PbBr6
was also  demonstrated by  the  ultraviolet–visible  (UV–Vis)  spectra
in Fig. S1 in the Electronic Supplementary Material (ESM), where a
sharp absorption peak at 315 nm could be aligned to its bulk films
[55].  Furthermore,  the  SEM  images  and  X-ray  diffraction  (XRD)
patterns  of  Cs4PbBr6 precursors  synthesized  by  OAm,
dodecylamine  and  octylamine,  respectively,  demonstrated  that  the
substitution  with  other  amines  with  short  hydrocarbon  chains
could  also  facilitate  the  formation  of  Cs4PbBr6 precursor  (Figs.  S2
and S3 in the ESM).

After fully characterization, the Cs4PbBr6 precursor was added to
an aqueous solution of L-Glu dropwise with vigorous stirring and L-
Glu/OAm-CsPbBr3 NCs  were  successfully  synthesized.  The  rapid
reaction  was  realized  through  observing  a  distinct  change  from
colorless  to  yellow-green,  accompanied  by  strong  green
fluorescence upon irradiation under the ultraviolet lamp of 365 nm
(Video S1 in the ESM). According to previous reports, this process
is  attributed  to  the  high  solubility  of  CsBr  in  water,  which  is
stripped  from the  lead-rich  Cs4PbBr6 precursor  [56].  As  shown in
Figs.  1(e)−1(g),  stacked  square  morphologies  of  L-Glu/OAm-
CsPbBr3 NCs could be observed with the size of 20–50 nm and d-
spacing of 2.89 Å. In addition, the average diameter of L-Glu/OAm-
CsPbBr3 NCs  was  detected  to  be  130  nm  by  dynamic  light
scattering (DLS,  Fig.  S4  in  the  ESM),  which was  smaller  than that
was  measured  in  TEM  images.  It  was  for  the  reason  that  DLS
measures  the  hydration  radius,  whereas  TEM  measurement  is  in
vacuum. Moreover, the crystal plane (110) of rhombohedral phase
in  Cs4PbBr6 precursor  and  crystal  plane  (200)  in  L-Glu/OAm-

CsPbBr3 NCs were both confirmed by XRD analysis (Fig. 1(h)), in
accordance  with  their d-spacing  of  6.87  and  2.89  Å  in  HRTEM
images,  respectively.  Accordingly,  the  phase  transformation  from
Cs4PbBr6 to  CsPbBr3 in  aqueous solution was successfully  testified
and  the  process  was  also  illustrated  as  an  equation  (Fig.  1(i)).  As
reported  in  the  previous  studies,  CsPbBr3 nanocrystals  obtained
through  water-induced  phase  transformation  often  exhibit
undesirable structural breakage and diminished luminescence upon
further exposure to water [56, 57]. Therefore, only trace amount of
water  can  be  introduced  into  the  synthetic  process  to  establish  a
water–oil interface and facilitate the entering of nanocrystals to the
non-polar  solvent.  With  good  fortune,  the  direct  phase
transformation from Cs4PbBr6 to CsPbBr3 was successfully realized
via this amino acid assisted synthetic strategy in aqueous media to
avoid  this  drawback.  Furthermore,  the  as-prepared  L-Glu/OAm-
CsPbBr3 NCs exhibited extremely high water-stability and excellent
luminescent  properties  in  aqueous  solution  due  to  the  synergic
effect of ligands and acidic environment.

Subsequently, Fourier transform infrared (FTIR) and 1H nuclear
magnetic  resonance  (1H  NMR)  were  conducted  to  further
investigate  the  role  of  ligands  in  improving  the  water  stability.  As
shown in Fig.  2(a) of FTIR spectra,  an emerged peak at 1400 cm−1

corresponding to the symmetric stretching vibration of COO− could
be observed in L-Glu/OAm-CsPbBr3 NCs,  indicating the presence
of  L-Glu  on  the  surface  of  nanocrystals.  In  addition,  the  peak  at
1625 cm−1 attributed to NH3

+ was significantly enhanced, while the
peak at  1570 cm−1 attributed to  the  bending vibration of  NH2 was
attenuated [58]. This result could be ascribed to the protonation of
NH2 under acidic condition. Accordingly, OAm can immobilize to
the surface of perovskite nanocrystals by protonating amino group
to obtain NH3

+ and then to form hydrogen bonding with Br− on the
surface [22, 59]. Furthermore, 1H NMR spectrum shown in Fig. 2(b)
also  confirmed  the  binding  of  ligands  on  the  surface  of  CsPbBr3
nanocrystals.  The three peaks at  3.45,  2.00 and 1.54 ppm were the
hydrogens 1, 2 and 3 of L-Glu. Meanwhile, the presence of OAm is
also confirmed by 1H NMR. The peak at 5.35 ppm corresponded to
the alkene proton 6 of  oleylamine.  As aforementioned,  it  could be
concluded  that  the  presence  of  surface  L-Glu  and  OAm
synergistically  facilitated  the  protection  of  nanocrystals  during
crystal  phase  transition,  ensuring  their  excellent  dispersion  and
stability in aqueous media.

The  luminescent  properties  of  the  L-Glu/OAm-CsPbBr3 NCs
were  also  testified.  As  depicted  in Fig.  3(a),  L-Glu/OAm-CsPbBr3

 

Figure 2    (a) Fourier transform infrared spectra of L-Glu/OAm-CsPbBr3 NCs (red line), Cs4PbBr6 (blue line) and L-Glu ligand (yellow line). (b) 1H NMR of L-Glu/OAm-
CsPbBr3 NCs (V(DMSO-d6):V(D2O) = 3:1, 298 K, 400 MHz).
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NCs exhibited  an  absorption  at  511  nm and a  narrow fluorescent
emission  at  the  peak  of  519  nm.  The  solution  of  L-Glu/OAm-
CsPbBr3 NCs exhibited a green transparent appearance,  indicating
the  excellent  dispersity  in  water.  Besides,  the  zeta  potentials  of  L-
Glu/OAm-CsPbBr3 NCs also confirmed their good dispersity (Fig.
S5  in  the  ESM).  Moreover,  L-Glu/OAm-CsPbBr3 NCs  also
possessed  a  high  color  purity  of  16  nm  and  remarkably  high
quantum yield of 85%, indicating the excellent photoluminescence
in  aqueous  media.  The  time-resolved  photoluminescence  decay
curve of L-Glu/OAm-CsPbBr3 NCs revealed its  average lifetime of
32.8 ns fitted with a bi-exponential function (Fig. 3(b)), which was
longer  than  that  of  traditional  OA/OAm-CsPbBr3 NCs  (15.2  ns).
According  to  the  previous  literature,  the  longer  fluorescence
lifetime  indicates  the  reduced  surface  defects  to  capture  charge
carriers  [38].  This  indicated  that  L-Glu/OAm-CsPbBr3 NCs
exhibited  reduced  surface  defects,  resulting  from  the  passivation
effect of L-Glu. The prolonged fluorescent lifetime of L-Glu/OAm-
CsPbBr3 NCs suggested that the defect passivation could eliminate
the  trap-assisted  non-radiative  recombination  [14].  In  order  to
elucidate  the  indispensable  roles  of  OAm and  L-Glu  in  stabilizing
CsPbBr3 nanocrystals, various ligands including OA, OAm, and L-
Glu were used as ligands in the manner of different combinations.
The fluorescent spectra and photographs in Fig. 3(c) demonstrated
that  L-Glu/OAm-CsPbBr3 NCs  could  disperse  stably  in  aqueous
solution and exhibit strong green emission because of the synergic
effect  of  OAm  and  L-Glu.  As  comparison,  the  white  precipitates
with  negligible  fluorescent  emission  were  obtained  with  other
ligands  such  as  OA/OAm,  individual  OA,  L-Glu  and  OAm.
Additionally,  the  stable  solution  of  L-Glu/OAm-CsPbBr3 NCs
could be always obtained even upon continuously increasing the L-
Glu  with  the  molar  ratio  of  OAm/L-Glu  from  2:1  to  1:5.  Thus,
OAm  and  L-Glu  were  testified  to  have  synergic  effect  in
stabilization of CsPbBr3 nanocrystals at aqueous solution.

Typically,  L-Glu  exhibited  the  capacity  of  buffering  due  to  the

zwitterionic  properties,  which  allows  its  aqueous  solution  to
maintain  acidic  (pH  =  3.5–5.0)  upon  adding  the  Cs4PbBr6
precursor  containing  OAm  [60].  Thus,  as  shown  in Fig.  3(d) and
Fig. S6 in the ESM, the pH values of the solution were measured to
be  changed  from  6.5  to  3.5,  upon  adjusting  the  molar  ratio  of
OAm/L-Glu  from  2:1  to  1:5.  As  consequence,  L-Glu/OAm-
CsPbBr3 NCs  could  not  stably  exist  and  white  precipitate  was
obtained  at  the  neutral  condition  (pH  =  6.5),  when  L-Glu  was  at
relatively low concentration (OAm/L-Glu = 2:1).

Furthermore,  the  controllable  crystal  phase  transformation  was
also found to have a certain correlation with pH values of solution.
Remarkably,  the  fluorescent  emission  intensity  of  L-Glu/OAm-
CsPbBr3 NCs maintained strong as above 80% of its initial intensity
even after 88 h, indicating its excellent stability (Fig. 3(e)). The slight
decrease of fluorescent intensity indicated a gradual degradation of
L-Glu/OAm-CsPbBr3 NCs, causing by their partial  transformation
into  non-luminous  CsPb2Br5.  The  previous  studies  have  already
highlighted  the  superior  stability  of  CsPb2Br5 in  aqueous  media
[61].  Subsequently,  a  wide  ranging  of  photoluminescent  emission
covering  almost  visible  area  (at  the  wavelengths  from  413  to
672 nm) could be tuned upon varying the halide composition of the
Cs4PbX6 precursor  (Fig.  3(f)).  The  crystal  transformation  from
Cs4PbX6 to  CsPbX3 (X  =  Cl,  Br,  Cl/Br,  Br/I)  was  successfully
achieved through this  acid-assisted synthetic  strategy (Figs.  S7 and
S8  in  the  ESM).  The  narrow,  single-peak  photoluminescent
emissions with a full wavenlengths at half maximum of 10–40 nm
were  observed,  suggesting  the  nanocrystals  dispersed  in  aqueous
solutions possessed the uniform distribution. Nevertheless, the pure
CsPbI3 nanocrystals  could  not  be  synthesized  via  this  method,
because  of  their  worse  structural  stability.  As  demonstrated above,
this  acid-assisted  aqueous  synthesis  was  a  general  method  to
prepare  CsPbX3 nanocrystals  with  different  halide  composition  in
aqueous  media,  solving  the  problem of  that  lead  halide  perovskite
nanocrystals  were  susceptible  to  degradation  when  exposed  to
water.

 

Figure 3    (a)  UV–Vis  absorption  and  photoluminescent  spectrum  of  L-Glu/OAm-CsPbBr3 NCs  in  aqueous  solution.  (b)  Fluorescent  lifetimes  of  OA/OAm-CsPbBr3

nanocrystals  synthesized  through  conventional  methods  and  L-Glu/OAm-CsPbBr3 NCs  prepared  via  aqueous  synthesis.  (c)  Fluorescent  spectra  of  nanocrystals
synthesized with different ligand combinations. (d) Fluorescent spectra of L-Glu/OAm-CsPbBr3 NCs in solutions with various pH values and different ratios of OAm and
L-Glu.  (e)  The  fluorescent  intensity  of  L-Glu/OAm-CsPbBr3 NCs  in  aqueous  media  for  different  time.  (f)  Fluorescent  spectra  of  CsPbX3 nanocrystals  with  different
halogens.
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A recent research has revealed that the alkylammonium ligands
are  incorporated  into  certain  sites  of  Cs  ions,  while  the  carboxyl
groups  tend  to  be  adsorbed  onto  the  surface  by  coordinated  with
the Cs atoms [62].  Accordingly,  the  mechanism of  the cooperated
effect of L-Glu and OAm to improve the stability of CsPbBr3 NCs
was also studied by the density functional theory (DFT) calculations
(Figs.  4(a)−4(c)).  DFT  results  demonstrated  that  there  was  a
binding energy of  1.67 eV on the surface  of  L-Glu/OAm-CsPbBr3
NCs, which was much higher than that of both OA/OAm-CsPbBr3
NCs  (Ebinding =  0.87  eV)  and  OAm-CsPbBr3 NCs  (Ebinding =
0.74  eV).  Therefore,  this  result  of  theoretical  calculation  also
confirmed  that  L-Glu  and  OAm  could  cooperatively  enhance  the
stability of CsPbBr3 nanocrystals in aqueous solution.
 
 

Figure 4    The  binding  model  and  DFT  calculation  results  of  (a)  OAm,  (b)
OA/OAm and (c) L-Glu/OAm modified on surface of CsPbBr3 nanocrystals.
 

Further investigation was also conducted to elucidate the impact
of  different  ligands  on  the  synthesis  and  stability  of  CsPbBr3
nanocrystals.  Amino  acids  are  organic  compounds  containing
amino  groups  and  acidic  carboxyl  groups,  which  can  be  divided
into  four  categories  including  non-polar,  polar  neutral,  acidic  and
basic  amino acids.  Thus,  seven different  hydrosoluble  amino acids
were introduced to evaluate the role of amino acids in the synthetic
process,  such as  L-Glutamic  acid  (L-Glu),  L-Aspartate  (L-Asp),  L-
Cysteine  (L-Cys),  L-Serine  (L-Ser),  L-Threonine  (L-Thr),  L-
Histidine (L-His), and L-Arginine (L-Arg). Only acidic amino acids
(L-Glu and L-Asp) could realize the successful aqueous synthesis of
CsPbBr3 nanocrystals  with  stable  dispersion  and  efficient
fluorescence  (Figs.  S9  and  S10,  and  Table  S1  in  the  ESM).  Acidic
amino  acids  have  carboxylic  groups  that  are  completely  ionized
with  the  isoelectric  point  of  3,  which  makes  their  solution  to  be
acidic  [60].  However,  other  types  of  amino  acids  cannot  facilitate
the synthesis of CsPbBr3 nanocrystals by using this strategy due to
their higher isoelectric points even with similar functional groups to
acidic  amino  acids,  because  they  resulted  in  neutral  or  alkaline
environment.  Consequently,  it  suggested  that  the  acidic
environment  played  a  crucial  role  in  aqueous  synthesis  and  phase
transformation.  In  addition,  to  further  verify  the  necessity  of
zwitterionic  structures  in  L-Glu  for  the  successful  synthesis,  acidic
Boc-L-Glu  with α-amino-protecting  groups  was  also  used  to
prepare  CsPbBr3 NCs.  Boc-L-Glu/OAm-CsPbBr3 NCs  exhibited
rapidly  quenching  of  fluorescence  within  5  min  (Fig.  S11  in  the
ESM). It demonstrated that zwitterionic structure of L-Glu, i.e., the
ammonium  cation  and  carboxylate  anion  to  either  dissociate
hydrogen ions or accept protons,  was also important to synthesize
CsPbBr3 NCs  in  this  strategy.  We  conducted  additional

experiments  to  assess  the  change  of  photoluminescence  (PL)
intensity  of  L-Asp/OAm-CsPbBr3 NCs  over  a  prolonged  period.
The  fluorescent  intensity  decayed  to  about  50%  of  its  initial  level
after 60 h (Fig. S12 in the ESM), which indicated the less stability of
L-Asp/OAm-CsPbBr3 NCs  compared  with  L-Glu/OAm-CsPbBr3
NCs in water media. Furthermore, n-octylamine and dodecylamine
were  selected  to  replace  OAm,  demonstrating  that  the  amine
groups  could  facilitate  the  formation  of  Cs4PbBr6 precursor.
However, the fluorescence of CsPbBr3 nanocrystals stabilizing by n-
octylamine was transient, lasting only a few seconds before rapidly
extinguishing. It is evident that amine ligands with longer chain had
poor solubility in water. Thus, OAm acted as the hydrophobic shell
to effectively protect the nanocrystalline from degradation. Besides,
the  protons  in  water  facilitated  the  protonation  of –NH2 to  be
–NH3

+, which strongly bond to Br− on the surface of nanocrystals.
Other types of acids, such as inorganic acids (HBr, HNO3, H2SO4

and  H3PO4)  and  organic  acids  (CHOOH  and  CH3COOH)  were
selected  to  further  investigate  the  important  role  of  acidic
environment  during  the  process  of  synthesis.  The  CsPbBr3
nanocrystals  with  vivid  green  emission  could  be  obtained  in  the
acidic solution of HBr, HNO3, and CHOOH and CH3COOH with
appropriate  pH  (Figs.  S13  and  S14  in  the  ESM),  while  they  were
failed to be synthesized in the aqueous solution of H2SO4 or H3PO4.
It  could  be  ascribed  to  the  high  solubility  product  constant  (Ksp)
values  of  PbSO4 and  Pb2(PO4)3.  And  then,  L-Glu/OAm-CsPbBr3
NCs were dispersed in the aqueous solutions of HBr with pH values
of 1.0, 2.0, 3.0, 4.0, and 5.0, respectively. L-Glu/OAm-CsPbBr3 NCs
exhibited the best stability when the pH value was 2.0 (Figs. S15 and
S16 in the ESM). In order to demonstrate the significance of acidic
environment  in  avoiding  the  degradation  of  CsPbBr3 nanocrystals
in  water,  OA/OAm-CsPbBr3 quantum  dots  (QDs)  were  also
synthesized  by  the  hot-injection  method.  The  CsPbBr3 QDs  were
dispersed  in  the  toluene  solution  and  then  vigorously  mixed  with
varying  acidic  solutions  (Fig.  S17  in  the  ESM).  Upon  interaction
with  water,  OA/OAm-CsPbBr3 QDs  were  almost  degraded  and
completely  transformed  into  a  white  emulsion  with  weak  green
fluorescence.  Nevertheless,  OA/OAm-CsPbBr3 QDs  with  bright
green  fluorescence  could  be  stabilized  when  they  were  in  acidic
solutions.  Rapid  fluorescent  quenching  was  also  observed  when
triethanolamine  was  added  to  adjust  the  aqueous  solution  of  L-
Glu/OAm-CsPbBr3 NCs into alkalinity (Fig. S18 in the ESM). All of
above  results  demonstrated  that  acidic  environment  played  a
dominant  role  in  the  synthesis  and  stabilization  of  L-Glu/OAm-
CsPbBr3 NCs.

As  L-Glu/OAm-CsPbBr3 NCs  were  synthesized  in  aqueous
media  assisted  by  acidic  amino  acids  and  exhibited  excellent
luminescent stability, it was envisaged to have great potentials as bio-
probes.  Therefore,  the  cytotoxicity  of  L-Glu/OAm-CsPbBr3 NCs
were assessed on HeLa and HUVEC cells by using cell counting kit-
8 assay (CCK-8). The cellular viabilities were estimated to be about
80% upon incubating L-Glu/OAm-CsPbBr3 NCs with cells for 8 h
(Fig. 5(a)), demonstrating the good biocompatibility of L-Glu/OAm-
CsPbBr3 NCs.  Significant  cellular  toxicity  was  observed  in  normal
cells  when  the  concentration  exceeds  40  µg/mL.  Moreover,  the
green emission of L-Glu/OAm-CsPbBr3 NCs could be observed in
HeLa cells upon being excited by the light at wavelength of 400 nm.
The fluorescence was enhanced upon incubating them for 6 h and
maintained  for  24  h  even  there  was  attenuation  of  intensity,
indicating  that  L-Glu/OAm-CsPbBr3 NCs  exhibited  a  good
performance in tracking of cells (Fig. 5(b) and Fig. S19 in the ESM).
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According to the cell staining experiments performed on a confocal
laser scanning microscope (CLSM), L-Glu/OAm-CsPbBr3 NCs was
internalized into cells within 1 h and then entrapped into lysosomes
with  a  Pearson's  correlation  coefficient  of  0.73  (Fig.  5(c)).  This
targeting could be ascribed to the acidic environment in lysosome,
which provided their favorable acidic condition for the stability of L-
Glu/OAm-CsPbBr3 NCs.  To  further  assess  the  impact  of
nanocrystals  on  DNA  integrity,  HeLa  cells  were  stained  by  using
DAPI  and  Hoechst  33342  after  incubating  with  L-Glu/OAm-
CsPbBr3 NCs  for  8  h.  DAPI  and  Hoechst  33342  are  markers  to
specifically  bind  with  nuclear  DNA.  As  depicted  in Figs.  5(d) and
5(e), robust blue fluorescence within nuclei was observed in CLSM
images,  indicating  the  intact  morphologies  of  nucleis.  Thus,  the
nanocrystals  did  not  destroy  the  DNA  integrity  of  cells.
Furthermore,  Ki67  cell  proliferation  assay  kit  was  used  to  stain
HeLa cells. The expression of Ki67 can assess the proliferative state
of  cells.  As  shown in Fig.  5(f) and  Fig.  S20  in  the  ESM,  the  HeLa
cells  were  incubated  with  nanocrystals  for  8,  24,  48  and  72  h,
respectively.  The  strong  red  fluorescence  indicated  the  high
expression Ki67 associated with cell proliferation. It was found that
the  proliferation  of  HeLa  cells  was  still  good  even  after  72  h
incubation. The above results demonstrated that the enrichment of
L-Glu/OAm-CsPbBr3 NCs in cells had no side effect on both DNA
integrity and cell proliferation. All of the good biocompatibility, cell
tracking  and  lysosome  targeting  of  L-Glu/OAm-CsPbBr3 NCs
indicated their broad prospect in biological applications. In order to
evaluate  the  potential  applications in  vivo,  we  investigated  the
fluorescence  stability  of  L-Glu/OAm-CsPbBr3 NCs  in  simulated
gastric juices (Fig.  S21 in the ESM). Since the main component of
gastric  juice  is  hydrochloric  acid,  the  anion  exchange  of  L-
Glu/OAm-CsPbBr3 NCs tended to be occurred. Thus, L-Glu/OAm-
CsPbBr3 NCs  exhibited  a  blue  shift.  The  luminescence  of  L-
Glu/OAm-CsPbBr3 NCs  is  gradually  blue  shift  within  10  min,
accompanied by a decrease in luminescence intensity. Considering
the  same  chloride  ion,  L-Glu/OAm-CsPbCl3 NCs  have  also  been
used  to  investigated  the  behaviors  in  gastric  juices.  Owing  to  the
acidic environment of the gastric fluid (pH = 1.5), the fluorescence
of CsPbCl3 NCs was ever-present even after 60 h. It also shows that
this material has the potential of imaging in the stomach. 

3    Conclusions
In  summary,  the  poor  water  stability  of  LHP  NCs  has  largely
limited their applications in biological fields. In order to tackle this
challenge, L-Glu/OAm-CsPbBr3 NCs were successfully prepared in
aqueous solution via a facile method with an interesting process of
post-crystal  transformation.  The  amino acid  of  L-Glu  was  used  as
the  ligand  in  cooperation  with  OAm  to  provide  the  acidic
environment  and  passivate  the  surface  defects  of  CsPbBr3
nanocrystals.  L-Glu/OAm-CsPbBr3 NCs  exhibited  excellent
luminescent properties, such as narrow full width at half maximum
(FWHM),  high  quantum  yield  and  adjustable  fluorescence.
Moreover, they also exhibited improved water stability. Besides, the
effect  of  acidic  amino  acids  as  the  ligands  to  stabilize  CsPbBr3
nanocrystals  has  been  fully  studied,  confirming  the  crucial  role  of
acidic  environment  in  the  synthetic  process.  Benefiting  from  the
good  biocompatibility  of  amino  acids,  L-Glu/OAm-CsPbBr3 NCs
had  good  performance  in  cell  imaging  with  a  tracking  time  for
more than 24 h. We anticipate that more environment-friendly and
facile  methods  to  prepare  of  LHP  NCs  could  be  proposed  and
developed  by  inspiration  of  this  study.  With  this  method,  various
ligands could be developed.  The LHP NCs with high stability  and
efficient  luminescence  could  be  synthesized,  which  would  be
applied  for  long-term  tracking  or  precise  monitoring  in  biological
systems. 

Electronic  Supplementary  Material: Supplementary  materials
(materials  and  methods;  detailed  characterizations  of  Cs4PbBr6
precursor,  including  the  UV–Vis  spectra,  XRD  patterns,  SEM
images,  etc;  fluorescent  spectra  of  CsPbBr3 nanocrystals  with
different  ligands  and  pH  values;  the  fluorescence  of  CsPbBr3
nanocrystals  in  different  acids;  CLSM  images  of  cells  incubated
with  L-Glu/OAm-CsPbBr3 NCs  for  12  and  24  h,  respectively)  is
available  in  the  online  version  of  this  article  at
https://doi.org/10.26599/NR.2025.94907067. 

Data availability
All  data  needed  to  support  the  conclusions  in  the  paper  are
presented  in  the  manuscript  and  the  Electronic  Supplementary

 

Figure 5    (a) Viability of HeLa cells treated with different concentrations of L-Glu/OAm-CsPbBr3 NCs. (b) CLSM images of cells incubated with L-Glu/OAm-CsPbBr3

NCs for 0.5–6 h (λex = 400 nm). (c) CLSM images with high-resolution (the cells incubated with L-Glu/OAm-CsPbBr3 NCs, Lyso-Tracker Red and their merged image)
and the Pearson’s correlation of L-Glu/OAm-CsPbBr3 NCs (green) with lysosomes (red) after incubation for 1 h. CLSM images of HeLa cells incubated with L-Glu/OAm-
CsPbBr3 NCs (40 µg/mL) and stained with (d) DAPI, (e) Hoechst 33342 and (f) Ki67 (immunofluorescence, red, mouse monoclonal antibody).
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Material.  Additional  data  related  to  this  paper  may  be  requested
from the corresponding author upon request. 
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