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ABSTRACT
Plasmonic  nanoparticles  are  endowed  profound  capability  for  sensing,  biomedicine,  and  cancer  therapy.  However,  the
inaccessibly  adjustable  wavelength  in  near  infrared  (NIR)  region  window  and  size  limit  for  the  particles  penetration  in  tumor
strongly  hinder  their  developments.  Miniature  gold  nanorods  (mini-Au  NRs)  with  diameter  less  than  12  nm  can  effectively
address  this  challenge  due  to  the  tiny  size  and  tailorable  NIR  absorption.  Herein,  we  adopt  ternary  surfactants  (hexadecyl
trimethyl  ammonium  bromide  (CTAB),  sodium  oleate  (NaOL),  and  sodium  salicylate  (NaSal))  mediated  growth  strategy  to
precisely  synthesize  miniature  Au  NRs  under  micelle  space-confinement.  Importantly,  the  selectively  dense  accumulation  of
ternary surfactants can efficiently improve the micellar stacking parameters (p) and lower micellar free energy (F), further tends to
achieve the formation of Au NRs with tiny diameter and high purity. Compared with that of conventional methods, the purity of
mini-Au NRs up to 100% can be dramatically improved via varying the relative concentration of ternary surfactants. The diameter
of Au NRs can be dynamically controlled to 6, 8, and 11 nm through regulating the concentration of silver nitrate and the mole
ratio of  ternary surfactants.  Such ternary surfactants system is favorable for the aging of tiny Au NRs, and further enables the
aspect ratio-tunable in the region from 2.70 to 7.32, as well as tailorable plasmonic wavelength in wide NIR window from 700 to
1,147 nm. Therefore, our findings shed a light on the precise preparation of small sized plasmonic nanoparticles and pave the
way to applications in biomedicine, imaging, and cancer therapy.
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1    Introduction
Plasmonic  nanoparticle  engineering  is  of  great  significance  to
manufacture nanostructure of unique morphologies with excellent
optical,  magnetic,  and catalytic  properties  [1, 2],  further facilitates
their  broad  applications  in  sensing  [3, 4],  biomedicine  [5, 6],  and
optical displays [7, 8]. Generally, gold nanoparticles (Au NPs) with
high  absorption  in  near  infrared  (NIR)  region  window  have
manifested themselves as core advantage in combining treatment
and diagnosis into an integrated platform, which is well-known as
“nanotheranostics”.  Particularly,  gold  nanorods  (Au  NRs)  with
tailorable  longitudinal  localized  plasmonic  resonance  absorption
(l-LSPR) in NIR window often exhibit fascinating performance in
cancer  therapy  via  transferring  the  NIR  light  into  other  energy
forms  [9, 10].  The  optical  properties  of  Au  NRs  manifest  strong
dependence  on  the  size  variations  of  nanoparticles  [11].  As  a
paradigmatic  example,  high  absorption-to-scattering  ratio  of  Au
NRs  is  desired  to  achieve  outstanding  photoacoustic  and
photothermal therapy performance [12]. Generally, the size of Au
NRs  often  presents  negative  correlation  with  the  absorption-to-

scattering  ratio.  Nevertheless,  it  is  difficult  for  large  Au  NRs  to
acquire high absorption-to-scattering ratio.

Recently,  studies  increasingly  show  the  miniature  Au  NRs
(mini-Au  NRs)  with  diameter  less  than  12  nm  possess  intrinsic
high absorbing cross sections, which enables them superior utility
in biological imaging and cancer diagnosis [13]. The mini-Au NRs
often exhibit numerous superiorities over those of larger Au NRs,
such  as  better  photothermal  therapy  efficiency,  greater  tumor
accumulation,  faster  organ  clearance,  as  well  as  higher  cellular
uptake  [14, 15].  Notably,  the  high adsorption in  NIR-Ⅱ window
of  mini-Au  NRs  endows  them  high  capacity  to  maintain  high
thermostability  during  photoacoustic  imaging.  Meanwhile,  the
tiny size (5–11 times smaller than Au NRs with regular size) and
large  surface  area  of  mini-Au NRs  make  it  possible  to  overcome
pharmacokinetic  blocks  efficiently  [16, 17].  For  instance,  the
3.5 times stronger photoacoustic signal intensity and extraordinary
photothermal  efficiency  up  to  100% of  mini-Au NRs  over  larger
ones are demonstrated in recent studies [18].

Not  only  in  cancer  diagnosis,  the  remarkable  photothermal
conversion  efficiency  of  mini-Au NRs  endows  them outstanding
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potential  in  soft  actuators  and  sensors  [19].  As  the  optical
properties  of  mini-Au  NRs  strongly  depend  on  the  variation  of
their  shape,  size,  and  aspect  ratio,  it  is  crucial  to  achieve  precise
regulation of the synthesis of mini-Au NRs [20]. Thus, developing
systematic  methodologies  for  preparing  Au  NRs  with  high
maneuverability  in  size  and  optical  properties  is  important  to
broaden the applying possibilities.

In  recent  years,  great  efforts  have  been  devoted  to  establish
systematic technologies for the preparation of Au NRs with large
size (diameter large than 20 nm) involving wet-chemical synthesis
(seed-mediated  growth,  electrochemical/photochemical  approach
[21, 22],  and  seedless  growth  [23])  and  physical  preparing
strategies [24]. The seedless growth protocols for mini-Au NRs are
developed from El-Sayed’s  group in 2012 in light  of  that  of  large
ones  [25].  In  their  work,  the  precise  control  for  the  pH  and
reductant  (sodium  borohydride  or  hydroquinone)  of  growing
environment can partly improve the productivity of mini-Au NRs
[26, 27]. Besides the poor particle yield, the accessible tailoring for
longitudinal  LSPR  absorption  is  still  challenging.  The  seed-
mediated  strategy  for  the  preparation  of  the  mini-Au  NRs  is
developed by Nikoobakht and Murphy’s group [28]. In the seed-
mediated growth protocol, the nucleation and growth for mini-Au
NRs  are  accomplished  in  the  seed  and  growth  solution,
respectively  [29].  Despite  the  relatively  high  yield  from  seed-
mediated growth approach, the poor tunability for size and LSPR
absorption  greatly  hinder  their  applications.  Therefore,  a  suitable
pathway  for  the  synthesis  of  mini-Au  NRs  with  high  yield,  high
purity, as well as tailorable LSPR absorption is highly desired.

The  micelles  formed  by  surfactants  play  key  role  in  the
structure-oriented  growth  of  mini-Au  NRs.  Generally,  hexadecyl
trimethyl  ammonium  bromide  (CTAB)  acting  as  typical  ionic
surfactant  has  been  widely  applied  in  the  synthesis  of  Au  NRs.
CTAB can selectively  adsorb on the  surface  of  Au seed,  showing
different adsorption density on different crystal planes. In previous
methods,  the  uncontrollable  micelle  transition  guiding  disorder
atomic  accumulation  is  the  principal  cause  for  the  synthesis
bottleneck of mini-Au NRs. The micellar stacking parameters (p)
and micellar free energy (F) play decisive role for micelle stability,
and  further  affect  particle  tendentious  growth.  Herein,  a  new
methodology  for  obtaining  mini-Au  NRs  is  established  via  the
ternary  surfactants  system  consisting  of  CTAB,  sodium  oleate
(NaOL),  and  sodium  salicylate  (NaSal).  As  typical  hydrophobic
additives,  NaOL  and  NaSal  are  tailored  to  directionally  interact
with CTAB via physical  interactions to inhibit  the uncontrollable
micelle  transition.  Moreover,  the  low F and  high p provided  by
ternary  surfactants  system  guarantee  the  micellar  structure  and
stability.  Consequently,  it  is  available  to  manage  atomic
accumulation in space limited micelle environment. Additionally,
the  tunable  size  and  optical  absorption  of  mini-Au  NRs  are
regulated  by  the  assistance  of  Ag+,  which  exhibits  high  crystal
plane  selectivity  under  acid  environment.  Furthermore,  the
photothermal  effect  of  mini-Au  NRs  prepared  by  proposed
approach  is  investigated  to  show  their  outstanding  applying
possibilities in photothermal therapy. 

2    Experimental
 

2.1    Chemicals
Chloroauric acid (HAuCl4·3H2O, 99.9%) and L-ascorbic acid (AA,
>  99.5%)  were  bought  from  Sigma-Aldrich.  CTAB  (>  99%)  was
procured  from  TCI  (Shanghai);  NaSal  (≥  99%),  NaOL  (≥  95%),
silver  nitrate  (AgNO3,  ≥  99%),  hydroquinone  (HQ,  ≥  99%),
dopamine  (DA,  ≥  99%),  sodium  borohydride  (NaBH4,  ≥  99%),
hydrochloric  acid  (HCl,  1  M),  and  sodium  hydroxide  (NaOH,

99.0%)  were  procured  from  Sinopharm  Chemical  Reagent  Co.,
Ltd. (Shanghai). Milli-Q water (resistivity 18.25 MΩ·cm at 25 °C)
was used in all experiments. Before use, all glassware was washed
with aqua regia followed by rinsing with deionized water. 

2.2    Seed synthesis
The  seeds  were  prepared  according  to  previous  work  [30].  A
solution  containing  0.50  mL  of  0.010  M  HAuCl4·3H2O  and
9.5  mL  of  0.10  M  CTAB  was  prepared.  Then,  freshly  prepared
0.46  mL  of  NaBH4 (0.010  M)  in  NaOH  (0.010  M)  was  quickly
added to the above solution. The solution turning from yellow to
brown  could  be  immediately  observed.  Then,  the  solution  was
kept unstirred at 30 °C for 2 h after being stirred for 10 min. 

2.3    Synthesis  of  mini-Au  NRs  via  single  surfactant
system
Hydroquinone-reduced  synthesis  was  prepared  according  to  the
developed  by  Vigderman  and  Zubarev  [29].  Firstly,  a  growth
solution  of  0.50  mL  of  HAuCl4·3H2O  (0.010  M)  and  8.0  mL  of
CTAB  (0.10  M)  was  prepared.  Then,  40  μL  of  AgNO3 (0.10  M)
and 19 μL of 1.0 M HCl were added to the above solution under
gently  stirring  for  2  min.  After  adding  0.50  mL  of  0.10  M
hydroquinone, the solution became completely colorless followed
by adding 2.0 mL of  seed solution.  Finally,  the solution was kept
unstirred for 16–20 h, purified by centrifugation at 10,000 rpm for
10 min, and redispersed in deionized water for later use. 

2.4    Synthesis  of  mini-Au  NRs  via  binary  surfactant
system
Firstly,  0.50  mL  of  0.010  M  HAuCl4·3H2O,  4.0  mL  of  0.20  M
CTAB, a certain amount of water, and NaOL or sodium salicylate
were  mixed  to  prepare  the  growth  solution.  Then,  a  certain
amount  of  0.10  M  AgNO3 and  1.0  M  HCl  were  added  to  the
growth solution with gently  stirring for  2  min.  Then,  0.50 mL of
0.10  M  hydroquinone  was  added  followed  by  the  completely
colorless of the growth solution, and then 2.0 mL of seed solution
was added. Finally, the solution was allowed to stand at 30 °C for
16–20 h, purified by centrifugation at 10,000 rpm for 10 min, and
redispersed in deionized water. 

2.5    Synthesis  of  mini-Au  NRs  via  ternary  surfactants
system
In the typical growth solution, 0.50 mL of 0.010 M HAuCl4·3H2O,
4.0  mL  0.20  M  CTAB,  a  certain  amount  of  water,  NaOL,  and
sodium  salicylate  were  mixed  (Table  S1  in  the  Electronic
Supplementary  Material  (ESM)).  Subsequently,  an  appropriate
amount of 0.10 M AgNO3 and 1.0 M HCl were added with gently
stirring  for  2  min.  Then,  0.50  mL  of  0.10  M  hydroquinone  was
added to the growth solution followed by the completely colorless
changes.  Finally,  the  solution  was  allowed  to  stand  at  room
temperature  for  16–20  h  after  adding  2.0  mL  of  seed  solution.
Then,  the  obtained  solution  was  treated  by  centrifugation  at
10,000 rpm for 10 min and redispersed in deionized water for later
use. 

2.6    Synthesis of large Au NRs
The  Au  NRs  with  large  size  were  prepared  as  following:  The
freshly prepared 0.60 mL of 0.010 M NaBH4 was quickly added to
the mixed solution consisting of 5.0 mL of 0.5 mM HAuCl4·3H2O
and 5.0  mL of  0.20  M CTAB.  The solution color  changing from
yellow to brown was observed. The solution of seeds was aged at
room temperature for  30 min before use.  To prepare the growth
solution, 960 μL of 4 mM AgNO3 solution was added to the mixed
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solution  containing  0.28  g  CTAB  and  0.0494  g  NaOL.  After
keeping undisturbed at 30 °C for 15 min, 10 mL of 1 mM HAuCl4
solution  was  added.  Then,  216  μL  of  HCl  (37  wt.%  in  water,
12.1 M) was added after 90 min of stirring (700 rpm) to adjust the
pH of growth solution. Then, 25 μL of 0.064 M AA was added and
the solution was vigorously stirred for 30 s after another 15 min of
slow  stirring  at  400  rpm.  Finally,  32  μL  of  seed  solution  was
quickly  injected  into  the  growth  solution.  The  resultant  mixture
was stirred for 30 s and left undisturbed at 30 °C for 12 h for Au
NRs growth. 

2.7    Photothermal effects
The mini-Au NRs (11 nm × 70 nm) and large Au NRs (19 nm ×
106  nm)  with  equivalent  absorption  intensity  (1.5)  were  utilized
for  monitoring  the  temperature  change  over  time  under  the
irradiation  of  two  different  wavelength  light  sources  (808  and
1,064 nm). 

2.8    Finite  difference  time  domain  (FDTD)  simulations
[31]
The  FDTD  simulations  of  the  Au  NRs  were  performed  using
FDTD  Solutions  8.5,  which  was  established  by  Lumerical
Solutions,  Inc.  The  dielectric  function  of  gold  was  fitted  via  the
experimental  data  points  of  Johnson and Christy.  Both the  small
and  large  Au  NRs  were  modeled  as  a  cylinder  capped  with  a
hemisphere at each end. The average diameters and lengths were
measured  from  the  transmission  electron  microscopy  (TEM)
images.  The  Au  NR  and  its  surrounding  medium  inside  the
boundary were divided into meshes of 0.05 and 0.25 nm in size for
the small and large nanorods, respectively. The refractive index of
the surrounding medium was set to be 1.33, which was consistent
with  the  refractive  index  of  water.  The  propagating  plane  wave
interacting with the nanorod was simulated by an electromagnetic
pulse that launched into the boundary. 

2.9    Characterizations
The  detailed  morphological  characterizations  were  conducted  by
TEM  (HT-7700,  Hitachi,  Japan).  Optical  properties  of
characterization were examined by ultraviolet–visible spectroscopy
(UV–vis–NIR  spectrophotometer;  PerkinElmer  Instrument  Co.,
Ltd., USA). 

3    Results and discussion
The  schematic  illustration  of  the  traditional  and  the  proposed
methods  for  preparing  mini-Au  NRs  is  shown  in Figs.  1(a) and
1(b). Notably, the size and morphologies of mini-Au NRs display
high dependence on the micellar state formed by surfactants [32].
In  the  conventional  procedure,  the  uncontrollable  transition  of
CTAB tubular micelles (soft template for directional deposition of
gold atoms) often leads to the diversity in morphologies and sizes
(Fig. 1(a))  [33–35].  Considering  the  poor  maneuverability  of
traditional  approaches,  the  ternary  surfactants  system  (CTAB,
NaOL,  and  NaSal)  is  defined  to  achieve  controllable  micelle
transition for  preparing mini-Au NRs (Fig. 1(b)).  The directional
transformation from spherical micelles to defined rod-like micelles
is  achieved.  As  a  result,  the  mini-Au  NRs  with  uniform  size  are
obtained  by  depositing  Au  atoms  in  the  spatially  defined  soft
template.  As  shown  in Fig. 1(c),  the  acquired  mini-Au  NRs
present  high  uniformity  of  transverse  and  radial  dimensions.
Different  with  previous  work,  the  yield  up  to  100%  can  be
achieved  via  the  proposed  ternary  surfactants  mediated  growth
approach.  The  aspect  ratios  of  mini-Au  NRs  can  be  precisely
tailored from 2.70 to 7.32, which tends to achieve broadly tunable
longitudinal  surface  plasmon resonance  from 700 (visible  region,

Fig. 1(e)(i)) to 1,147 nm in the near-infrared region (Fig. 1(e)(iii)).
The synergism of surfactant mixture plays a decisive role for the

growth of mini-Au NRs. The high versatility of hydroquinone has
been demonstrated for improving the purity and maneuverability
of  nanoparticles  [36, 37].  Thus,  the  single,  binary,  as  well  as  the
proposed  ternary  surfactants  system  are  compared  under  same
redox environment provided by hydroquinone (Figs. S1–S3 in the
ESM). As shown in Fig. S1 and Table S2 in the ESM, although the
mini-Au NRs with aspect ratio of 8.63 can be acquired via single
surfactant  of  CTAB,  the  relatively  poor  purity  of  75.7%  and
limited LSPR absorption hinder further application. As the typical
long-chain  unsaturated  fatty  acid  and  aromatic  additives,  the
powerful  function  of  NaOL  and  NaSal  to  dramatically  improve
the  yield  of  Au  NRs  with  large  size  has  been  demonstrated  [38,
39].  Thus,  it  is  of  vital  importance to verify the function of  them
on  the  synthesis  of  mini-Au  NRs.  Following  the  approaches
provided  by  Ye  and  co-workers,  the  binary  surfactant  system  of
CTAB-NaOL/NaSal  was  studied  to  optimize  the  size  and
morphology  of  mini-Au  NRs.  As  a  result,  the  obtained  mini-Au
NRs  undergo  negligible  yields  improvement  (average  yield  is
80.3%)  (Tables  S3  and  S4,  and  Figs.  S4–S7  in  the  ESM),  even
though  the  tunable  size  of  them  from  9.06  to  13.81  can  be
achieved.  Therefore,  the  yield  is  independent  of  single  additive,
and the multiple factors hold the promise to improve the yields of
mini-Au NRs and achieve high maneuverability. To examine that,
the  meticulous  regulation  for  the  ternary  surfactant  system  was
conducted.  Primarily,  the  influence  of  NaOL  was  investigated
under  settled  concentration of  CTAB (0.1  M) and NaSal  (0.0699
mM)  (Table  S1  in  the  ESM).  Generally,  maintaining  CTAB
concentration  larger  than  the  critical  micelle  concentration
(CMC2)  is  demonstrated  crucial  for  Au  NRs  formations  in  the
manner of promoting crystal growth along certain directions [39,
40]. As shown in Figs. 2(a)–2(d), the Au NRs with diameters from
9 to 12 nm have been successfully prepared, which are fully in line
with  the  size  definition  (diameter  around  10  nm)  for  mini-Au
NRs [13].

Interestingly,  the  yield  of  mini-Au  NRs  exhibits  prominent
improvement  to  ~  100%  compared  to  that  of  single  and  binary
surfactant  systems  at  an  appropriate  concentration  of  NaOL
(0.0368–0.995  mM, Fig. 2(e) and  Figs.  S8–S11  in  the  ESM).  The
impurity  rate  increases  significantly  outside  this  concentration
range (about 28.7% at 1.657 mM). Furthermore, not only the size
of  mini-Au  NRs  alters  significantly,  the  regulation  of  the
concentration  of  NaOL  also  induces  dramatic  change  in  the
longitudinal  LSPR  absorption  (Figs.  2(f) and 2(g))  of  mini-Au
NRs.  The  statistics  for  the  variety  of  transverse  and  radial
dimensions  of  mini-Au  NRs  are  shown  in Figs.  2(h)–2(k).  With
the  increase  of  the  concentration  of  NaOL  from  0.0037,  0.2210,
and 1.071 to 1.215 mM, the purity of mini-Au NRs increases from
80.3%  (Fig. 2(h))  to  nearly  100%  (Figs.  2(i) and 2(j))  and  then
decreases  to  81.3%  (Fig. 2(k)).  Therefore,  the  optimal
concentration  of  NaOL  for  mini-Au  NRs  with  excellent  size
distribution  is  determined  between  0.0368  and  0.9945  mM.  In
addition,  the  average  diameter  of  mini-Au  NRs  changes  from
11.48, 10.07, and 10.38 to 8.42 nm under the same concentration
window of NaOL. Contrary to the previous work [29] (Fig. S1(a)
in the ESM), the narrow distribution of the size of  mini-Au NRs
further  confirms  the  high  homogeneity.  Additionally,  the  aspect
ratio  of  mini-Au  NRs  gradually  decreases  from  7.32  to  5.6
accompanying  with  the  blue-shifting  of  the  longitudinal  LSPR
absorption from 1,181 to 920 nm (Fig. 2(g)). The LSPR absorption
outside this window manifests broad band because of the different
resonances  of  the  individual  components.  The  blue  shift  of
longitudinal  LSPR  absorption  peaks  can  be  attributed  to  the
variations in aspect ratio and the possible intraparticle of the mini-
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Au NRs.
It is worthy noting that the micellization behavior of CTAB can

be  guided  to  the  tropism  for  NRs  growth  via  the  synergism  of
aromatic  compounds,  such  as  NaSal  [41–43].  The  remarkable
improvement  of  the  addition of  NaSal  for  the  purity  of  mini-Au
NRs  has  been  demonstrated  (Fig. S1(c)  in  the  ESM).  To  shed
more light on the influence of NaSal on the size, purity, and aspect
ratio of mini-Au NRs, the concentration of NaSal has been finely
regulated. As shown in Fig. 3, the concentration of CTAB (0.1 M)
and NaOL (0.4424 mM) has been settled (Table S5 in the ESM).
Apparently,  the purity of  mini-Au NRs also depends strongly on
the  concentration  of  NaSal  ranging  from  0.0069,  0.0699,  and
0.1399 to 0.3499 mM (Figs. 3(a)–3(d)). The concentration window
of NaSal is  defined to be 0.0349–0.1399 mM for preparing mini-
Au NRs with high purity  up to  100% (Fig. 3(e)).  Additionally,  as
shown  in Figs.  3(f) and 3(g),  the  aspect  ratio  of  mini-Au  NRs
presents small variation from 6.90 to 5.78 accompanying with blue-
shifting  of  the  longitudinal  LSPR  absorption  (1,113–1,006  nm).
Interestingly,  obtaining  mini-Au  NRs  with  high  purity  requires
narrow concentration window of NaSal (0.03349–0.1399 mM) via
the  proposed  ternary  surfactants  mediated  growth  approach.
Additionally, the purity of mini-Au NRs is significantly improved
with  minor  changes  in  the  aspect  ratio  and  longitudinal  LSPR

absorption.  Considering  the  high  dependency  of  the  size  and
morphologies  of  nanoparticles  on  micelles  [39],  the  controllable
micellar  transition  by  the  close  packing  of  ternary  surfactant
system plays a key role. The possible thorough growth mechanism
is illustrated in the subsequent sections.

To  shed  more  light  on  Au  NRs  formation  via  the  ternary
surfactant  system,  a  series  of  parameters  for  optimizing  the  size
and  morphology  of  mini-Au  NRs  were  investigated.  Other  than
surfactant,  the reductant is  an important parameter for achieving
high-yield synthesis for mini-Au NRs. The formation of Au seeds
and  thereby  the  controllable  growth  strongly  depend  on  the
reduction  potential  according  to  half-cell  equation  and  the
corresponding  Nernst  equation  [44],  as  shown  in Fig. 4(a).  It  is
well-known that the acid-base environment exhibits  great impact
on the reducing potential  of reductant via regulating the reaction
rate.  Generally,  the  higher  pH  value  of  the  reaction  system,  the
more  negative  reduction  potential  of  the  reducing  agent  (RPR),
and  thereby  the  easier  the  redox  reaction  occurs  [44].  Thus,  the
reliable  investigation  for  reductant  selectivity  is  conducted  under
same  acid  environment  with  pH  ~  2.0.  Here,  three  typical
reductants are selected including AA [45], DA [46], and HQ [47]
that are universal in the preparation of Au NRs, as shown in Figs.
4(b)–4(d).  Apparently,  HQ  exhibits  outstanding  advantages  in

 

Figure 1    Synthesis diagrams of (a) traditional and (b) our approaches for preparing mini-Au NRs. (c) TEM image and (d) photograph of Au NRs obtained via our
approach.  (e)  UV–vis–NIR  spectra  of  Au  NRs  with  aspect  ratios  ranging  from  2.70  to  7.32  and  resulting  LSPR  tunable  from  700  to  1,147  nm.  Scale  bar  in  (c)  is
500 nm.
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producing mini-Au NRs with high purity compared to that of AA
and  DA.  Additionally,  the  HQ  exhibited  stronger  reducing
potential  compared  to  that  of  pyrocatechol  and  resorcinol  [48].
Contrary to previous work [46], the growth of Au NRs guided by

DA  in  this  work  tends  to  small  size,  as  shown  in Fig. 4(c).
Additionally,  the  longitudinal  LSPR  absorption  of  them  presents
distinct difference. Thus, it is challenging for AA and DA to guide
absorption tunability in NIR-II regions (Fig. 4(e)). Two factors are

 

Figure 2    The effects of sodium oleate in the growth of mini-Au NRs. TEM images of the mini-Au NRs obtained under different concentration of NaOL: (a) 0.0037,
(b) 0.2210, (c) 1.071, and (d) 1.215 mM. (e) Purity of mini-Au NRs under different concentration of NaOL. (f) The extinction spectra for the mini-Au NRs synthesized
under different concentration of NaOL. (g) Statistical plots of the aspect ratio and position LSPR peak of the as prepared mini-Au NRs. (h)–(k) Size distribution of
mini-Au NRs at corresponding concentration of NaOL at (a)–(d). Scale bars in (a)–(d) are 200 nm.
 

Figure 3    The  effects  of  NaSal  in  the  growth  of  mini-Au  NRs.  TEM  images  of  the  mini-Au  NRs  obtained  under  different  concentration  of  NaSal:  (a)  0.0069,  (b)
0.0699, (c) 0.1399, and (d) 0.3499 mM. (e) Purity of mini-Au NRs prepared under different concentration of NaSal. (f) The extinction spectra for the mini-Au NRs
synthesized  under  different  concentration  of  NaSal.  (g)  Statistical  plots  of  the  aspect  ratio  and  position  LSPR  peak  of  the  as  prepared  mini-Au  NRs.  (h)–(k)  Size
distribution of mini-Au NRs at corresponding concentration of NaSal at (a)–(d). Scale bars in (a)–(d) are 200 nm.
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discussed that contribute to the unique advantages of HQ in mini-
Au  NRs  synthesis:  (i)  relatively  moderate  reduction  capacity  of
HQ  (Fig. 4(f)).  In  conventional  seed-growth  approaches  for
preparing Au NRs with large size, AA is the most straightforward
and universal reductant because of its strong reducing ability (Eh =
0.766 V) [45]. However, the ultrafast reducing activity often leads
to  poor  crystal  plane  selectivity  of  Au atomic  deposition  and  the
high impurity rate (Fig. 4(b)). Contrary to AA, DA with low value
of Eh (0.606 V) [46, 49] seems to be fine redox agent for preparing
mini-Au  NRs.  However,  the  growth  of  Au  NRs  with  short  and
thick  morphologies  occurs  (Fig. 4(c)).  In  the  system,  DA  acts  as
weak  reactant  to  achieve  slow  and  controllable  deposition  of  Au
atoms.  The  Au  seeds  can  slowly  elongate  along  specific  crystal
orientations  under  weak  reactant  environment  until  all  the
Au3+/Au+ has  been  consumed  [50].  Therefore,  the  relatively
moderate reduction capacity of HQ enables high flexibility for the
Au  atomic  deposition  via  pH  regulation  [44].  (ii)  The  high
reducing environment stability of HQ. Notably, some possible side
reactions  can  be  triggered  for  AA  and  DA  that  would  cause
negative impact on the controllable growth of mini-Au NRs (Fig.
4(g)),  which  whereas  will  be  mitigated  by  HQ.  Additionally,
attributing  to  the  slow  growth  of  Au  NRs,  it  is  possible  to
overcome the limitations of in traditional AA reactant system that
ascorbic  acid  must  be  controlled in  a  molar  excess  of  about  10%
compared  to  that  of  Au  concentration.  Comprehensively
considering the reducing activity and stability, HQ is the optimum
selectivity for mini-Au NRs growth [51].

Although  mini-Au  NRs  with  high  purity  can  be  produced  by

the  proposed  ternary  surfactants  system,  the  tunability  for  aspect
ratio  and LSPR adsorption are  still  challenging.  To address  those
issues, the precise regulation for AgNO3 and HCl was initiated, as
shown  in Fig. 5.  Silver  nitrate  is  another  key  parameter  for
inducing  selective  depositing  of  Au  atoms  and  formation  of  rod
micelles  [52].  Generally,  the core role  of  AgNO3 in the growth is
breaking  symmetry  [53],  that  involves  two  aspects:  (1)  The
interaction  between  Ag+ and  Br− can  effectively  promote  the
transformation  of  micelle  from  spherical  to  rod-shaped,  and
further  improve  the  yield  of  mini-Au  NRs;  and  (2)  acting  as
interfacial  sedimentary  medium  in  the  form  of  complex  of
CTA+-Br−-Ag+ coated  on  the  vertical  axis  direction  of  growing
mini-Au  NRs  [52].  The  interfacial  deposition  of  Au  atoms
possesses  crystal  plane  selectivity  due  to  the  formation  of
CTA+-Br−-Ag+,  which  occupies  preferentially  on  rod  faces  (Fig.
5(a)). Au atoms thereby are deposited and grown on the uncoated
faces [26] to obtain gold nanorods [54, 55]. Thus, the deposition of
Au  atoms  on  the  uncoated  crystal  face  can  be  regulated,  further
facilitates  the  longitudinal  growth  of  mini-Au  NRs.  Apparently,
the acid environment is of vital importance for the growth of mini-
Au NRs because of the intrinsic alkaline salt nature of NaOL and
NaSal.  Otherwise,  the  possible  nucleophilic  substitution  between
hydroxyl  (–OH)  and  CTA+-Br−-Ag+ can  be  activated  to  destroy
micelle stability under alkaline environment. Thus, the regulation
of  AgNO3 concentration under  determinant  acid  environment  is
desired  to  achieve  tunable  size  and  LSPR  absorption  of  mini-Au
NRs.  As  shown  in Figs.  5(b)–5(d),  the  proposed  method  can
achieve  obvious  diameter  changing  from  10.75  to  18.18  nm  of

 

Figure 4    The influence of reductant on mini-Au NRs. (a) The half-cell  equation for reductant oxidation reaction and the corresponding Nernst equation E0 is  the
standard reduction potential of the half-cell reaction, and Eh is the actual half-cell reduction potential under certain reaction conditions (temperature, concentration,
and pH value). TEM images of the Au NRs obtained under different reducing agents: (b) AA, (c) DA, and (d) HQ. (e) Absorption spectra of Au NRs synthesized by
controlling DA (red),  AA (black),  and HQ (blue) as reducing agents.  (f)  The reduction potentials  corresponding to the three reducing agents.  (g) The possible side
reactions of the three reducing agents. Scale bars in (b)–(d) represent 200 nm and bottom left inset is 10 nm.
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mini-Au  NRs  with  high  purity  up  to  100%  via  regulating  the
concentration of AgNO3 (0.1120–0.5580 mM). More importantly,
the  longitudinal  LSPR  absorption  of  mini-Au  NRs  exhibits  great
across from 700 to 1,072 nm accompanying with large varieties of
aspect ratio (Fig. 5(e), and Figs. S12 and S13 in the ESM). Notably,
the nanoparticles obtained over the AgNO3 concentration window
presented poor NRs yield and uncontrollable LSPR adsorption, as
shown  in Fig. S14  in  the  ESM.  In  traditional  approaches,  the
coordinated regulation of HCl and AgNO3 is effective strategy for
achieving  large  Au  NRs  with  various  aspect  ratios.  Interestingly,
the  regulation  for  HCl  (Fig. S15  in  the  ESM)  is  not  positive  for
achieving mini-Au NRs with controllable size varieties but rather
obvious purity changes, as shown in Figs. 5(f)–5(h). Interestingly,
unlike  traditional  approaches  [29],  the  mini-Au  NRs  with  high
purity  can  be  obtained  only  under  fixed  acid  environment
(2.097  mM  HCl)  in  our  system.  The  acid  reducing  environment
not  only  makes  sense  on  micellar  protection,  also  provides
appropriate  hydrogen  ion  for  HQ,  as  mentioned  in Figs.  4 and
5(i).  The  reasons  are  analyzed  as  following:  (1)  the  adaptability
between  acid  environment  and  reductants.  The  RPRs  of
hydroquinone  presented  high  dependence  on  the  pH  of  growth
solution.  Particularly,  the  hydroquinone  is  one  typical  weak
reductant  that  large  excess  of  them  are  stored  to  slowly  reduce
Au3+ and Au+. The slow and controlled growth of mini-Au NRs is
allowed  and  highly  sensitive  to  the  acid  of  the  growth
environment  [35].  (2)  The  formation  of  AgCl(s)  and  AgCl2−

required  additional  Cl− supply  from  HCl.  Generally,  the
complexing ion of AgCl(s) and AgCl2− can induce the crystal-face
selective  deposition  of  Au  atoms  and  lay  the  foundation  for
symmetry-breaking  [29].  (3)  The  atomic  deposition  preference
can be affected by the pH value of growth solution. The influence
of  pH  on  the  huge  differences  in  final  morphologies  of  penta-
twinned  gold  nanoparticles  has  been  demonstrated  by  Chen’s

group [56, 44]. The relative depositing rate difference of Au atoms
on  different  crystal  planes  ([110]  and  [100])  is  considered
responsible  for  that.  In  our  work,  the  interaction  of  ternary
surfactants  provided  limited  micellar  space  for  crystal  nucleus
growth.  Thus,  it  is  reasonable  for  the  harsh  concentration
requirement of HCl to guarantee the high purity of mini-Au NRs.

Obviously,  the  unparalleled  production  of  mini-Au  NRs  with
controllable  size,  purity,  as  well  as  LSPR  absorption  can  be
achieved by  our  proposed ternary  surfactant  system.  In  addition,
the stability of the obtained mini-Au NRs and the reproducibility
of the proposed method were also verified, as shown in Figs. S16
and S17 in the ESM. The key to the acquirement for mini-Au NRs
with controllable size is that Au seeds are confined to the micellar
space.  Generally,  the  deep  penetration  of  additives  densifies  the
hydrophobic core of micelles and induces the anisotropic growth
of micelles by increasing the effective volume of additive surfactant
pairs.  The  addition  of  NaOL  and  NaSal  reduces  conformational
flexibility of CTAB micelles and increases the mechanical stability
of  the  micellar  space  around  seeds.  The  exhaustive  growth
mechanism is  illustrated  in Fig. 6.  It  is  well-known that  CTAB is
the  most  universal  surfactant  for  the  preparation  of  Au  NRs
considering its unique functions: (1) trigging the zipper growth of
Au NPs because of adsorption density diversity in different crystal
plane  [57];  (2)  guiding  the  shaping  of  rod  micelle  and  selective
deposition  of  Au  atoms  by  the  formation  of  CTA+-Br−-Ag+

complex;  and  (3)  acting  as  soft  template  of  tubular  micelles  to
inducing  the  growing  of  Au  NRs  [58].  Unfortunately,  the  poor
controllability  of  the  stretchable  CTAB  micelle  generated  great
impacts on mini-Au NRs in traditional methodologies albeit some
improvements  for  seeds  and reductants  have  been reported  [36].
Therefore, some micelles with various morphologies are inevitable
in the process of micellar transformation (Fig. 6(a)).

Furthermore,  the  deposition  of  Au  atoms  on  seeds  presents

 

Figure 5    The influence of silver nitrate and hydrochloric acid on mini-Au NRs. (a) The mechanism diagram of silver nitrate and hydrochloric acid in the growth of
mini-AuNRs.  TEM images and macroscopic solution colors  of  the mini-Au NRs obtained under different  concentration of  AgNO3:  (b)  0.2240,  (c)  0.2799,  and (d)
0.4480 mM. (e) Statistical plots of the aspect ratio and position LSPR peak of the as prepared mini-Au NRs. TEM images and macroscopic solution colors of the mini-
Au NRs obtained under different concentration of HCl: (f) 0.5528, (g) 2.097, and (h) 3.308 mM. (i) Reaction schematic representation for silver-assisted seeded-growth
method. All scale bars represent 200 nm.
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poor selectivity for micelle morphologies, which thereby promotes
the  formation  of  Au  NPs  with  diverse  morphologies  and  sizes.
Notably, the definite soft template of tubular micelles plays a core
role  in  controllable  Au  NRs  growth  in  our  proposed  ternary
surfactant  system,  as  shown  in Fig. 6(b).  In  the  definite  soft
micelles template, the interaction among CTAB, NaOL, as well as
NaSal is complicated and the following points are mainly involved
(Fig. 6(c)): (1) the face selective anchoring on CTAB micelle. As a
typical hydrophobic additive, the inducing of NaSal can effectively
enhance  the  stability  of  CTAB micelle  in  the  manner  of “nailing
stake” by  arranging  perpendicular  to  the  hydrophobic  center.
Similarly, NaOL tends to anchoring with the end face of CTAB via
effective  electrostatic  interaction.  Notably,  the  charge  on
hydrophobic  additive  determines  the  penetration  depth  and  the
neutralization of them in/between micelles. Salt additives (such as
NaOL  and  NaSal)  can  effectively  reduce  the  repulsion  between
micelles  and  promote  anisotropic  growth  [41].  Generally,  the
packing parameter (p) is an efficient measurement to estimate the
micellar morphology during the NPs growth

p= v/Al (1)

where v is the effective volume of the hydrophobic chain, A is the
effective  area  of  the  polar  headgroup,  and l is  the  hydrocarbon
chain  length.  The  transition  from  spherical  micelles  to  rod-like
micelles is mainly affected by the change of p. For ionic surfactants

(such as CTAB), the composition of the hydrophilic surroundings
and the counterion types are of vital importance for the change of
p.  The  repulsive  interactions  between  headgroups  on  ionic
surfactant give rise to the increase of effective area. In our growth
environment,  the  hydrophobic  additives  (NaSal  and  NaOL)  can
efficiently  reduce  the  surface  area  of  hydrophobic  groups  and
thereby increases the value of p to close to 1, which is instrumental
in  the  formation  of  tubular  micelles  [40].  Specifically,  the –OH
and carboxyl (–COO−) groups on NaSal (or NaOL) are of capacity
to  neutralize  charges  of  CTAB.  Additionally,  they  can  effectively
reduce the surface area via inserting into the hydrophobic portion
of CTAB micelles. Thus, the huge difference of the value of p for
traditional  (p1)  and  our  approaches  (p2)  gives  rise  to  distinct
micellar morphology transformation. (2) The effective decrease for
micellar free energy (Fmicelle). Because of the high compact packing
of  the  ternary  surfactant  micelle,  the  internal  ordering  can  be
strongly  improved.  Therefore,  the  free  energy  of  tubular  micelles
exhibits  sharp  decrease  compared  to  that  of  spherical  micelles
(Fmicelle2 < Fmicelle1).  As  a  result,  the  stability  of  tubular  micelles  is
greatly enhanced. In addition, the inherent weak reduction of the
double bond for Au3+ in NaOL molecules [38, 58] is conducive to
the selective deposition of Au atoms on end face of Au seeds. The
double fixation for CTAB micelles provided by NaOL and NaSal
enables relatively confined space that is positive for the growth of
mini-Au  NRs.  Additionally,  the  additives  of  hydrophobic  NaOL
and  NaSal  also  contribute  to  the  dimensional  tunability  via  the

 

Figure 6    The proposed mechanism for the growth of mini-Au NRs. (a) Traditional methods, the role of single surfactant (CTAB) in the synthesis of mini-AuNRs.
(b)  Ternary  surfactants  synergistically  act  as “soft  templates  for  tubular  micelles”.  (c)  The  formation  of  tubular  micellar  soft  templates  controlled  by  site-selective
interaction of surfactant headgroups and the hydrophobicity of additives.
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aging  of  mini-Au  NRs.  In  the  light  of  the  high  tendency  and
stability  of  tubular  micelles  in  the  ternary  surfactant  system,  the
controllable  Au  atom  deposition  can  be  achieved  for  acquiring
mini-Au NRs with uniform size under the assistance of reductant,
AgNO3, as well as acid environment.

It  is  well-known  that  mini-Au  NRs  often  present  large
absorption  cross  section  and  higher  cellular  uptake  compared  to
those  of  larger  ones.  Generally,  the  extinction  of  noble  metal
nanostructures  is  attributed  by  both  absorption  and  scattering.
Only absorbed light energy can be converted into heat. Thus, the
better  photothermal  conversion  performance  of  mini-Au  NRs  is
of  far-reaching  significance  for  cancer  therapy.  In  this  work,  the
photothermal  effect  of  mini-Au  NRs  is  preliminary  explored,  as
shown in Fig. 7. Considering the population of 808 and 1,064 nm
laser in biological photothermal application, small (1,140 nm) and
large (1,000 nm) Au NRs (Fig. S18 in the ESM) with two different
LSPR absorption were synthesized to verify the unique advantages
of  mini-Au  NRs  in  photothermal  conversion  performance.  The
solutions  with  different  NRs  under  same  intension  of  UV–vis
absorption were measured for photothermal conversion under the
irradiation  of  808  and  1,064  nm  lasers,  respectively.  The
temperature variation with time of the nanoparticles was recorded
with  an  infrared  camera  (Fig. 7(a)).  Evidently,  the  mini-Au  NRs
solutions exhibit tremendous advantages over that of Au NRs with
large  size  in  the  photothermal  conversion  performance  with
temperature difference up to 20 under both laser irradiation (Figs.
7(b) and 7(c)).  The  higher  absorption-to-scattering  ratio
compared  to  larger  ones  endows  mini-Au  NRs  remarkable

advantages  in  photothermal  conversion.  Additionally,  the  optical
activity  of  mini-Au  NRs  was  also  investigated  via  FDTD
simulation by comparing with Au NRs with large size. As shown
in Figs.  7(d) and 7(e),  the  electromagnetic  field  enhancement  of
mini-Au NRs presents 1.4 times higher than that of conventional
large  Au  NRs  under  the  same  criteria.  For  mini-Au  NRs,  the
smaller diameter endows them high curvature on the semi ellipse
and  high  specific  surface  area  at  the  end  of  the  mini-Au  NRs.
Considering the huge activity difference between end and side on
Au  NRs,  the  mini-Au  NRs  with  high  end  specific  surface  area
exhibits higher plasmonic activity. Thus, it is predictable that more
excitation  energy  can  be  generated  by  mini-Au  NRs  under  the
same  photoexcitation  conditions.  Furthermore,  the  high
coincidence  in  the  absorption  peaks  of  the  linear  fit,  which  is
performed  on  the  light  absorption  intensity  of  the  mini-Au  NRs
(11  nm  ×  70  nm)  and  traditional  large-sized  gold  nanorods  (19
nm × 106 nm) in solution, verifies the accuracy of the simulation
(Fig. 7(f) and Fig. S18 in the ESM). 

4    Conclusions
In  summary,  we  provide  a  robust  ternary  surfactant  synergism
protocol  of  CTAB,  NaOL,  and  NaSal,  allowing  for  the  precise
regulation  of  mini-Au  NRs  with  simultaneously  improved  size
uniformity, and dimensional and optical tunability. As a result, we
obtain mini-Au NRs with purity up to 100% via the synergism of
accurately  controllable  ternary  surfactant  mixtures.  The  mini-Au
NRs in this work exhibit diameter tunable from 6 and 8 to 11 nm,

 

Figure 7    Photothermal effect of the proposed mini-Au NRs. (a) The infrared thermal image of Au NRs of different sizes within 5 min under 808 nm laser. (b) and (c)
The temperature rises curves of Au NRs of different sizes under 1,064 and 808 nm laser irradiation. (d) and (e) FDTD simulation of mini-Au NRs (11 nm × 70 nm)
and traditional large-sized gold nanorods (19 nm × 106 nm). (f) Simulated extinction (orange) FDTD simulated and experimental (black) extinction spectra of mini-
Au NRs.
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wide  aspect  ratio  ranges  of  2.70–7.32,  and  tailorable  LSPR
adsorption  ranging  from  700  to  1,147  nm.  By  investigating  the
growth  mechanisms,  we  propose  the  selectively  dense
accumulation  of  ternary  surfactants  is  mainly  responsible  for  the
high  tunability  of  mini-Au  NRs.  When  incorporated  into  a
photothermal  model  design,  the  mini-Au  NRs  show  strong
photothermal  conversion  performance  and  optical  activity  for
electromagnetic field enhancement compared to those of Au NRs
with large size. We anticipate that the ternary surfactant synergism
protocol  can  ultimately  expand  the  development  of  one-pot
seeded  growth  process  for  nanoparticles  with  tiny  size  and
effectively  break  through  the  application  limitations  of  mini-Au
NRs  caused  by  the  low  purity  and  yield.  Furthermore,  the
excellent  optical  performance  provides  access  to  prolongate  the
applying  fields  of  mini-Au  NRs  in  biological  detection,  cancer
therapy, and optical displays. 
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