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ABSTRACT: Surface-engineered gold nanoparticles have been considered as
versatile systems for theranostics applications. Moreover, surface covering or
stabilizing agents on gold nanoparticles especially gold nanobipyramids
(AuNBPs) provides an extra space for cargo molecules entrapment. However,
it is not well studied yet and also the preparation of AuNBPs still remains
dependent largely on cetyltrimethylammonium bromide (CTAB), a cytotoxic
surfactant. Therefore, the direct use of CTAB stabilized nanoparticles is not
recommended for cancer theranostics applications. Herein, we address an
approach of dodecyl ethyl dimethylammonium bromide (DMAB) as biocompat-
ible structure directing agent for AuNBPs, which also accommodate anticancer
drug doxorubicin (45%), an additional chemotherapeutics agent. Upon near-
infrared light (NIR, 808 nm) exposure, engineered AuNBPs exhibit (i) better
phototransduction (51 °C) due to NIR absorption ability (650−900 nm), (ii)
photo triggered drug release (more than 80%), and (iii) synergistic chemo-
phototherapy for breast cancer cells. Drug release response has been evaluated in tumor microenvironment conditions (84% in
acidic pH and 80% at high GSH) due to protonation and high affinity of thiol binding with AuNBPs followed by DMAB
replacement. Intracellular glutathione (GSH, 5−7.5 mM) replaces DMAB from AuNBPs, which cause easy aggregation of
nanoparticles as corroborated by colorimetric shifts, suggesting their utilization as a molecular sensing probe of early stage cancer
biomarkers. Our optimized recipe yield is monodisperse DMAB-AuNBPs with ∼90% purity even at large scales (500 mL volume per
batch). DMAB-AuNBPs show better cell viability (more than 90%) across all concentrations (5−500 ug/mL) when directly
compared to CTAB-AuNBPs (less than 10%). Our findings show the potential of DMAB-AuNBPs for early stage cancer detection
and theranostics applications.
KEYWORDS: plasmonic nanoparticles, nanobipyramids, cancer cell detection, bioimaging, synergistic therapeutics, drug delivery

■ INTRODUCTION
Recent advancements in cancer treatment have focused on
targeted therapies, theranostics, and tracking of disease stages
using multifunctional nanoparticles.1−11 Much of this research
is devoted to the utilization of elongated plasmonic metal
nanostructures, such as gold nanorods, to image and treat
tumors using photothermal therapy (PTT), a noninvasive
technique that uses the absorbance of NIR light to locally
ablate tumors with heat.12−15 This treatment approach is
clinically known as hyperthermia. To the best of our
knowledge, the plasmonic nanoparticles have been tried for
light mediated tumor therapy in clinical applications. Especially
metal nanomaterials such as gold exhibit localized surface
plasmon resonance (LSPR) that stems from a collective
oscillation of conduction band electrons.9,12,16 This enables the
strong absorbance of specific wavelengths of light and leads to

a strong extinction band at around 800 nm in colloidal gold
nanorod (AuNRs) solutions.1−4 Changes in particle size,
aggregation, or morphology can further alter nanomaterial
optical and photothermal properties.16−18 This is an especially
attractive feature for PTT applications, as NIR light produces
lower scattering and higher tissue penetration following
irradiation, resulting in more efficient in vivo heating.1,3−5,19

Moreover, gold nanomaterials are biocompatible and are easily
surface-functionalized with antibodies or drug molecules.1,3−5

Received: March 25, 2024
Revised: June 20, 2024
Accepted: June 21, 2024
Published: July 3, 2024

Articlewww.acsabm.org

© 2024 American Chemical Society
4542

https://doi.org/10.1021/acsabm.4c00409
ACS Appl. Bio Mater. 2024, 7, 4542−4552

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
C

A
L

IF
O

R
N

IA
 L

O
S 

A
N

G
E

L
E

S 
on

 A
ug

us
t 1

4,
 2

02
4 

at
 1

4:
19

:5
8 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nishant+Kumar+Jain"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shubham+Pallod"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Berney+Peng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rohini+Kumari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Deepak+Singh+Chauhan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mukesh+Dhanka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mukesh+Dhanka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eaint+Honey+Aung+Win"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+A.+Teitell"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pranjal+Chandra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rohit+Srivastava"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rajendra+Prasad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rajendra+Prasad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsabm.4c00409&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.4c00409?ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.4c00409?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.4c00409?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.4c00409?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.4c00409?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aabmcb/7/7?ref=pdf
https://pubs.acs.org/toc/aabmcb/7/7?ref=pdf
https://pubs.acs.org/toc/aabmcb/7/7?ref=pdf
https://pubs.acs.org/toc/aabmcb/7/7?ref=pdf
www.acsabm.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsabm.4c00409?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsabm.org?ref=pdf
https://www.acsabm.org?ref=pdf


To the best of our knowledge, different shapes of nanoparticles
viz., gold nanorods, nanobipyramids, and nanoshell/auroshell
could induce similar levels of temperature elevation upon same
energy and LSPR conditions. However, these nanoparticles
may produce different levels of reactive oxygen species (ROS),
which is equally important to destroy the cancer cells.

Especially, gold nanobipyramids (AuNBPs) possess advan-
tages over other types of gold nanostructures as they exhibit
facile synthesis, large local electric field enhancements, high
optical cross sections, and narrow line widths, resulting in
more desirable optical properties for bioimaging.3,5,15 Synthe-
sized nanobipyramids are remarkably monodisperse with a full-
width half-max (fwhm) ranging from 50 to 100 nm, which is
much lower than gold nanorods.20,21 The quantum yield of
bipyramids is also comparatively higher because of additional
field enhancement at the tips.22 Moreover, the LSPR
wavelength of gold nanobipyramids (AuNBPs) is easily
tunable by changing seed concentration,23 and AuNBPs also
exhibit significantly higher photoluminescence than gold
nanorods.24 High-purity solutions of gold nanoparticles and
AuNBPs have been shown to possess many applications in
diagnostics, therapeutics, sensing, and energy storage.1−5,12−15

For instance, precise assessment of cancer cell interior
conditions (high level of GSH, acidic pH) using gold
nanoparticles not only is favorable for pathophysiological
understanding but also indicate diseases diagnosis at early
stage. However, affordable and early stage cancer cell detection
approaches yet to be achieved. On the other hand, Wu et al.
demonstrated the use of gold nanoparticles viz., AuNBPs in
photothermal therapy against cancer cells while monitoring
local temperatures.20 AuNBPs were coated with short
fluorophore-tagged DNA hairpin structures, which opened
upon incidence of NIR light, leading to an increase in
fluorescence, and the heating of AuNBPs led to cancer cell
death.20 Although AuNRs and AuNBPs have been shown to be
effective theranostic agents, their synthesis involves the use of

toxic cationic surfactants, CTAB or cetyltrimethylammonium
chloride (CTAC), to obtain high purities.21 In a study by
Chateau et al., gold seeds were prepared in the presence of
CTAC as opposed to CTAB or citrate.25 This study
demonstrated that CTAC as well as CTAB can promote the
formation of very high aspect ratio structures, nanojavelins,
that possess NIR LSPR wavelengths.25 However, for the
successful translation of nanomedicines to clinical applications,
it is essential that synthesized materials are physiologically
biocompatible. Herein, we aimed to synthesize more
biocompatible AuNBPs using DMAB, which has been
previously identified as a biocompatible surfactant alternative
to CTAB and CTAC.21 CTAB stabilized AuNBPs are popular
but have significant toxicity issues. Hence, the direct use of
CTAB-stabilized NBPs is not recommended for biomedical
applications.

In this study, we have prepared AuNBPs followed by a seed-
mediated method using sodium borohydride, a mild reducing
agent for the reduction of chloroauric acid.26−36 In brief, the
reaction is carried out in the presence of citrate, which caps
and stabilizes the seeds. Citrate also helps in twinning defects
and polycrystallinity in the seeds which promote AuNBPs
formation.33 The growth solution for the synthesis consists of
chloroauric acid reduction by ascorbic acid. We have used
dodecyl ethyl dimethyl ammonium bromide (DMAB) as
biocompatible structure directing agent instead of toxic CTAB.
DMAB provides a soft template for the growth of seeds. Silver
nitrate is added to the solution as a shape-directing agent.
During AuNBPs preparation, we find that the crystallinity of
seeds is the most crucial parameter that determines the shape
of the grown structure. Polycrystalline and decahedral seeds
are found to produce bipyramidal structures, while mono-
crystalline seeds produce nanorods. From various optimiza-
tions, we have noticed that AuNBP exhibit reduced LSPR
wavelength in the case of increasing seed volume and low pH.
Maximum purity (greater than 90%) and optically stable

Figure 1. Schematic representation showing stimuli responsive molecular exchange of structure directing agents on gold nanobipyramids within
cancer cell interior.
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(more than 25 days) AuNBPs have been obtained while using
heated seeds in the presence of citrate. To gain insights into
how well CTAB-free AuNBPs perform (i) carrying extra cargo
(doxorubicin anticancer drug named as DOX), (ii) photo-
transduction response, (iii) photo triggered synergistic chemo-
phototherapeutics response, and (iv) sensing biomolecules
related to cancer cells viz., GSH, we have conducted
microscopic and spectroscopic examinations. We have under-
stood that dense network of DMAB structure directing agents
over AuNBPs helps in accommodating excess anticancer drug
doxorubicin (45% calculated based on spectroscopic measure-
ments), which is further released in cancer mimicked
environment (low pH and high GSH level) in terms of
therapeutics response. Upon near-infrared light (NIR, 808 nm)
exposure, drug entrapped AuNBPs exhibit photo triggered
cancer cell death (more than 85%) due to synergetic effect of
generated heat (51 °C) and released anticancer drug.
Additionally, upon GSH (5−7.5 mM) interaction DMAB-
AuNBPs demonstrate rapid aggregation and morphology
deformation due to competitive replacement between GSH
and DMAB, which is further corroborated by spectroscopic
and microscopic validations. These observations indicate the
importance of AuNBPs as molecular sensor for early stage
detection of cancer biomarkers. Better reproducibility (more
than 15 times) and scalability (500 mL volume per batch) are
the key aspects of our optimized recipe.

■ RESULTS AND DISCUSSION
Gold Nanobipyramids (AuNBPs) and Their Interface.

Plasmonic nanoparticles, viz., AuNBPs were synthesized using
a modified seed-mediated method with biocompatible DMAB
as a structure-directing agent as shown in Scheme S1 in the
Supporting Information (SI). Figure 1 shows the stimuli
responsive molecular exchange of structure directing agents on
drug entrapped gold nanobipyramids within cancer cell
interior. As an initial step, gold seeds were prepared by
reducing HAuCl4 with NaBH4 in either the presence of CTAC
and citric acid (heated) or citrate (unheated). The morphology
and optical property of unheated seed showing orange color
was characterized by TEM and UV−vis spectrum as shown in
SI, Figure S1. Following at least 2 h of aging at 30 °C, the
prepared gold seeds were introduced to a growth solution
containing HAuCl4, AgNO3, HCl, and DMAB. A mild
reducing agent, ascorbic acid, was added to the stirred
solution, changing the color of the solution from light yellow
to colorless (see Materials and Methods section and
Supporting Information). TEM image analysis of gold seeds
displayed the presence of multitwinned nanostructures of size
∼5 nm (SI, Figure S1). The addition of 85 μL of unheated
gold seed solution to the growth solution initiated the NBP
formation. DMAB structure directing agents stabilized gold
nanoparticles exhibit perfect bipyramids dimension (∼100 nm
length and ∼32 nm diameter, aspect ratio of 3.1), validated
through TEM imaging as shown in Figure 2. Prepared DMAB
stabilized gold nanobipyramids show similar morphology, size,
aspect ratio (3.1), and optical property as widely reported for
CTAB stabilized gold nanobipyramids (see Figure 2 and
Figure 3a−e). Thick deposition of DMAB around AuNBPs
indicate their dense self-assembly due to double-chain cationic
nature, which stabilize these gold nanoparticles for prolonged
time and also entrap extra cargo molecules to demonstrate
multimode imaging and therapeutics individually or in

combination, whereas a single-chain cationic surfactant like
CTAB makes fewer stable bilayers around the AuNBPs.

Feret diameter measurements quantified from image analysis
verified comparable size distributions between the two
synthesis approaches, with longitudinal diameters determined
between 90 and 100 nm (SI, Figure S2). Violin plots show that
DMAB-AuNBP sizes may be more monodispersed than
CTAB-AuNBPs. The aspect ratio of both DMAB and CTAB
AuNBPs was observed around 3. In absorption spectroscopic
measurements, these surface-engineered plasmonic nano-
particles showed two distinct characteristic peaks, viz.,
transverse (∼540 nm) and longitudinal (∼800 nm), indicating
their localized surface plasmon resonance (LSPR). We noticed
that both DMAB stabilized AuNBPs and CTAB stabilized
AuNBPs displayed similar absorbance spectra overall. The
relatively sharp full width at half-maximum (fwhm) at the 800
nm NIR peak (Figure 3c) for both DMAB- and CTAB-
fabricated AuNBPs denotes the formation of uniformly sized
particles. Like the TEM images, the absorbance data further
illustrates that, apart from NBPs, irregular nanospheres and
their aggregates were also present in solution for both synthesis
approaches. The approximate purity of NBPs was estimated by
comparing the LSPR peak absorption of NBPs to the
characteristic absorption of spherical impurities at ∼560 nm.37

DMAB-directed seed-mediated synthesis produced AuNBPs
in solution with a purity of ∼45% (Figure 3c inset: digital
photograph of seed solution). Removal of these undesired
particles in solution is necessary to increase AuNBP yields. The
colloidal stability of DMAB-AuNBPs was monitored with UV−
vis spectroscopic measurements by observing shifts ∼800 nm
LSPR peak position over time. DMAB-AuNBPs were
colloidally stable over 25 days of observation, retaining their
LSPR absorption peak for the entire duration and showing
only slight blue-shifting by day 25 (Figure 3f).
Optimization and Purity of AuNBPs. Purity, morphol-

ogy, and optical properties of DMAB stabilized AuNBPs using
unheated seed-mediated synthesis were tightly controlled by
DMAB concentration, pH as adjusted by HCl, and gold seed
volume addition to the growth solution. The position of the
NBP LSPR peak was dependent upon particle aspect ratio,
where higher aspect ratio particles exhibit higher LSPR
wavelengths. In the DMAB-AuNBP unheated seed approach,
different volumes of gold seed solution ranging from 60 to 140
μL were added to the growth solution. The morphology and

Figure 2. Microscopic images for surface interfaces examination of
CTAB and DMAB stabilized AuNBP obtained from seed mediated
growth procedure.
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optical properties of prepared AuNBPs were examined through
microscopic imaging (Figure 4) and spectroscopic measure-
ments (Figure 5a).

When higher seed volumes were added, the LSPR peak
wavelength blue-shifted from 876 to 796 nm. Lower
concentrations of Au growth solution relative to initial seed
density (because higher amounts of seed were added) in the
reaction mixture led to the formation of NBPs with lower
aspect ratios. The converse appeared to be true for higher gold
growth solution concentrations per seed. The LSPR wave-
length and ratio of absorptions at LSPR wavelength and
wavelength pertaining to spherical impurities as a function of
seed volume are tabulated in Table 1. While the purity of
DMAB-AuNBPs was similar across all DMAB concentrations
in the growth solution, decreasing concentrations of DMAB
from 0.3 to 0.05 M red-shifted the longitudinal peak from
∼700 to ∼800 nm (Figure 5b). At a very low (0.025 M)

DMAB concentration, the absorbance intensity and location of
the longitudinal peak decreased significantly, indicating the
presence of impurities and a lower synthesis yield.

The pH of the growth solution was another parameter in
which the formation of NBPs and their morphology could be
manipulated as the reducing ability of ascorbic acid decreases
at low growth solution pH. The pH of the reaction mixture was
controlled by HCl volume addition. As more HCl was added
to the Au growth solution (from 20 to 200 μL, corresponding
to a change in pH of 2.46 to 1.87, respectively), it caused a
blue-shift in the LSPR peak (Figure 5c). At higher pH growth
conditions, the solution color changed rapidly during the
formation of NBPs. In lower pH growth conditions, the
solution color changed much slower, illustrating the kinetically
limited ability of the reducing agent (Figure 5d). Moreover, at
lower pH, the color of the AuNBP solution had a violet hue,
and at a higher pH, the color was dark red. When no HCl was
added (pH 2.97), the combined growth and seed solution
mixture color remained black, and a precipitate at the bottom
of the tube was observed after 16 h.

BDAC-mediated depletion flocculation combined with
several centrifugation conditions were employed to increase
AuNBP purity in solution following DMAB-AuNBP synthesis
(Figure 5e,f). The addition of BDAC caused flocculation of
both nanospheres and AuNBPs, so AuNBPs could not be
selectively precipitated from solution and separated from the
nanospheres. This is shown by the presence of both
nanosphere and AuNBP peaks following the resuspension of
the precipitate in DMAB (Figure 5e). The TEM image in
Figure 3f shows little to zero AuNBP purity improvement.
DMAB stabilized AuNBPs were also centrifuged without
BDAC at varying conditions ranging from 5k to 10k rpm and
5−10 min. Maximum purity was obtained at 5k rpm and 10
min of centrifugation followed by resuspension in DMAB (SI,
Figure S3). If too little DMAB was used, the NBPs remained
flocculated and could not be fully redispersed.

The formation of NBP structures from seed-mediated
growth is heavily influenced by the polycrystallinity of the

Figure 3. Characterization of DMAB and CTAB-directed AuNBP synthesis. (a,b) FEG-TEM (300 keV) images of DMAB-AuNBPs synthesized
with unheated seeds. The longitudinal axis of the NBPs is ∼100 nm. (d,e) FEG-TEM (300 keV) images of AuNBPs synthesized from traditional
CTAB methods. (c) Comparison of UV−vis spectra of DMAB and CTAB-synthesized AuNBPs. The digital inset depicts a colored solution of
DMAB-AuNBPs. DMAB-AuNBPs show similar purities and optical properties as the CTAB-directed growth particles. (f) Stability of purified
DMAB-AuNBPs demonstrated via normalized UV−vis spectra over 25 days.

Figure 4. TEM images of prepared AuNBPs using different seed
volumes (60−140 μL) and high-resolution TEM image (HRTEM) of
AuNBPs.
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starting seed material.29 To increase the yield and purity of
AuNBP fabrication, it is essential to increase the proportion of
polycrystalline seeds added to the growth solution. To do so,
the seeded growth reaction mixture was exposed to high
temperatures (85 °C for 1.5 h) in the presence of citrate ions
to produce more polycrystalline seeds and promote AuNBP
formation with high shape purity. UV−vis spectra of AuNBPs
produced from heated seeds showed the characteristic strong
∼800 nm LSPR peak (Figure 6a). The calculated yield was
more than 90%. The UV−vis results were corroborated by
TEM imaging (Figure 6b), in which high percentages of
bipyramidal-shaped nanostructures were observed. The small
number of impurities consisted of Au nanospheres and

nanorods. Furthermore, AuNBPs synthesized using DMAB
can be easily distinguished from those synthesized using
CTAB. DMAB-AuNBPs tend to grow individually, whereas
CTAB-AuNBPs appear to grow side-to-side, forming array-like
structures observed with TEM (Figure 6c). Further, the
prepared plasmonic nanoparticles were tested for cancer cell
imaging, synergistic chemophototherapy, sensing cancer cell
biomarkers, and drug delivery performance as discussed in
below sections. A brief comparison of photothermal response
of different plasmonic nanoparticles has been highlighted in
the Table S1 Supporting Information.
Cancer Cell Detection and Synergistic Therapeutics

Response of DOX-AuNBPs. Dodecyl ethyl dimethyl
ammonium bromide (DMAB) stabilized AuNBPs nano-
particles were incubated with an anticancer drug doxorubicin
which was utilized for cancer cell imaging and chemo-
therapeutics applications. High drug loading efficiency (45%)
was achieved due to decorated DMAB surfactants over
AuNBPs, which was purified through dialysis (12 kDa MW
cutoff for 1 day). To evaluate the chemotherapeutics response,
these DOX entrapped gold nanoparticles were tested for DOX
release kinetics pattern at different cellular environment, viz.,
extracellular (pH 7.4) and intracellular (pH 6−2), as shown in
Figure 7a. Within 10 h, significant drug release (more than
90%) DOX release was noticed in acidic environment (pH 2,

Figure 5. Optimization of reaction conditions for unheated seed-mediated synthesis. (a) UV spectra of nanocrystals prepared using different seed
volumes. (b) UV−vis spectrum of as synthesized nanocrystals with different concentrations of DMAB. (c) UV−vis spectrum for pH optimization
with HCl addition. (d) Digital photos depicting color changes at different pH and different times (upper, 30 min; lower, 16 h after seed addition).
(e) UV spectra of AuNBP solution following purification using benzylhexadecyldimethylammonium chloride (BDAC) depletion flocculation to
improve purity. AuNBPs were selectively precipitated out of solution from the spherical nanoparticles and the supernatant was removed. (f) FEG-
TEM of AuNBP nanocrystals after their resuspension in water and DMAB following BDAC purification.

Table 1. Effect of Seed Volume on LSPR Wavelength and
Puritya

seed vol (μL) LSPR wavelength (nm) ALSPR/A560 nm

60 876 0.56
80 843 0.54
100 811 0.55
120 811 0.55
140 796 0.56

aIncreasing the amount of gold seed in the growth solution generated
NBPs possessing lower LSPR peak wavelengths.

Figure 6. Characterization of AuNBPs synthesized using heated seeds. (a) UV−vis spectrum of synthesized NBPs from heated Au seeds. (b,c)
FEG-TEM (300 keV) images of NBPs synthesized using citric acid-containing seeds.
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viz., intracellular environment of cancer cells) as compared to
the physiological pH 7.4 (∼2%) due to protonation effect at
lower pH (Figure 7a). Further, the maximum DOX release
(100%) was noticed within 12 h of incubation at pH 2,
whereas ∼49% was achieved for pH 4 in the same time, which
were significantly higher to the physiological pH 7.4. In 24 h of
kinetics, pH 4 showed maximum 88% of DOX release, which
was better than other pH conditions (∼23% for pH 6, and
∼4.5% for pH 7.4). Next, DOX release pattern was also
examined in other cancer mimicked condition, viz., different
GSH concentrations (1−10 mM). Better DOX release (more
than 90%) was noticed at 10 mM GSH as compared to
extracellular GSH level (∼4% at 2 μM) in 24 h of incubation.
Interestingly, promising DOX release (66−75%) was seen at
moderate level of GSH (2.5 and 5 mM) as shown in Figure 7b.
Based upon DOX release performances in various conditions,
the designed plasmonic nanohybrid demonstrate its suitability
for chemotherapeutics application. On the other hand, DOX
entrapped gold nanoparticles were also tested for photo
triggered drug release upon near-infrared light (NIR, 808 nm)
exposure as shown in Figure 7c. Significant DOX release
(∼65%) at acidic environment (pH 2) upon NIR light
irradiation, which was due to protonation and photothermal
disassembly of DMAB on the AuNBPs surface, whereas 40%
drug release response was noticed at pH 7.4 during NIR light
exposure. It should be noted that negligible drug release
response (∼4%) was noticed at physicochemical conditions
(pH 7.4 and without NIR light treatment). Moreover,
significant drug release (∼90%) was noticed in the case of
actual synergistic chemophototherapeutic conditions (pH 2
and 10 mM GSH upon NIR light exposure) as shown in Figure
7c. During synergistic chemophototherapeutic conditions,
there was a replacement of DMAB structure directing agents
from the AuNBPs surface due to protonation, competitive
capping agent exchanges, and produced heat, respectively,
showed deformed gold nanoparticles which was examined
through microscopic imaging as shown in Figure 7d.
Moreover, the morphology changes of nanoparticles in
above-mentioned therapeutics conditions ensured the replace-
ment of surface stabilizing agents due to internal stimuli (acidic
pH and GSH) and external stimuli (NIR light) as shown in
Figure 7d. Further, these observations were corroborated with

cancer cell imaging analysis and microscopic imaging resulted
the therapeutic response of engineered plasmonic nano-
particles shown in Figure 8. Homogeneous red fluorescence
from cancer cell interior indicated the presence of released
DOX, which was due to replacement of surface stabilizing
agents, viz., DMAB that entrapped the DOX. We observed
enhanced fluorescence intensity of released cargo (DOX) with
respect to incubation time (from 1 to 12 h). Moreover,
released anticancer drug changed the morphology of cancer
cells indicated their death, as shown through fluorescence
images in Figure 8, whereas nanoparticles treated cancer cells
maintain their morphology in physiological environment (pH
7.4, minimum concentration of GSH and without NIR light
irradiation). Rapid aggregation and deformation of nano-
particles were observed in therapeutics conditions (acidic pH
2, GSH 7.5 mM, and NIR light irradiation) as shown in
transmission electron microscopic images in Figure 8.

Next, the biocompatibility of DMAB-synthesized AuNBPs
were compared to CTAB-AuNBPs using in vitro cellular
cytotoxicity assays. MDA-MB-231 human breast cancer cells
and L929 mouse fibroblasts were exposed to AuNBPs at five
different concentrations, ranging from 5 to 500 μg/mL. In
L929 cells, DMAB-AuNBPs displayed dramatically better
biocompatibility (more than 85%) than CTAB-AuNBPs (less
than 25%) across all concentrations even at the highest
concentration, 500 μg/mL ensured the biocompatibility of
DMAB structure directing agents over CTAB surfactant
(Figure 9a). To demonstrate theranostics capabilities,
DMAB-AuNBPs were integrated with DOX, where DOX was
trapped within the layers of DMAB on the surface of
AuNBPs.38,39 DOX is a standard chemotherapy drug used
for a variety of cancer treatments, including breast cancer.
DOX entrapped DMAB-AuNBP particles showed significantly
higher anticancer drug (DOX) response for substantial cancer
cell death (∼84%) in elevated acidic conditions (pH 2−4 for
cancer cell interior) with quick uptake.40 When illuminated
with NIR light to activate photothermal heating, DOX-DMAB-
AuNBP particles showed even higher cancer cell killing (more
than 90%) due to synergistic photochemotherapeutics
response, viz., photo triggered release of DOX.41,42 Prior to
cancer therapeutics ability of plasmonic nanoparticles, the
photothermal profile of DMAB-AuNBPs at four different
concentrations was separately evaluated in aqueous solution
after irradiation with an 808 nm laser (2 W/cm2, SI, Figure
S4a). Phototransduction response of DMAB-AuNBPs also
measured at various power densities (0.5−2.0 W/cm2) as
shown in SI, Figure S4b in the Supporting Information.
Greater amounts of DMAB-AuNBPs led to a greater
temperature increase, reaching a peak temperature of 51 °C
after 4 min of illumination with a 230 ppm AuNBP
concentration. The biocompatibility gap was greater when
the cell viability of DMAB-AuNBPs was evaluated against
CTAB-NBPs in normal fibroblast cells (L929). Again, DMAB-
AuNBPs showed very little cellular cytotoxicity for all particle
concentrations examined in sharp contrast to CTAB-AuNBPs
(Figure 9b). CTAB-AuNBPs appeared to be more harmful to
normal L929 cells than the MDA-MB-231 cancer line. To
examine cell imaging and uptake, breast cancer cells (MDA-
MB-231) were treated with DOX-DMAB-AuNBPs at different
incubation time points (starting from 1 to 12 h). Confocal
fluorescent imaging showed the rapid in vitro uptake of DOX-
DMAB-AuNBPs in MDA-MB-231 cells within 1 h, which was

Figure 7. Drug release response of DOX entrapped DMAB-AuNBPs
in physiological and cancer therapeutics conditions (a−c) and
microscopic images of treated DOX entrapped DMAB-AuNBPs in
respective therapeutics stimulus (d).
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significantly higher in 12 h of incubation (see Figure S5 and
Figure S6 in the Supporting Information).

AuNBPs for Glutathione Detection at Molecular
Level. The high level of GSH (a few tens in mM) is a
remarkable hallmark for cancer cells, which is several hundred
times higher than healthy cells. The high concentration of
GSH reduces (10−20 mM) the chemotherapeutic and
radiation therapeutic effects in solid tumors due to its reactive
oxygen species scavenging ability. Therefore, detecting GSH is
considered an essential need for examining cancer cells at an
early stage. However, the present approach for measuring GSH
level involves cellular extraction, which is not a precise method
to evaluate GSH. Among various nanoparticles, gold nano-
particles have previously been used as GSH detection.
Exposure to GSH causes gold nanoparticle aggregation due
to rapid exchange between existing surfactant on the surface of
nanoparticles and excess GSH in the medium, leading to color
change in colloidal solutions and absorption shifts.34,35 Hence,
we utilized newly designed gold nanoparticles, viz., AuNBPs to

Figure 8. Drug entrapped gold nanobipyramids for cancer cell detection and synergistic chemophototherapeutics upon photo triggered and tumor
microenvironment conditions corroborated with transmission electron microscopic and cancer cell (60×) imaging.

Figure 9. Concentration dependent in vitro cell biocompatibility (a),
and synergistic chemophototherapeutics, chemotherapeutics, and
phototherapeutics response (b) of engineered gold nanobipyramids
(with and without drug entrapment) upon photo triggered and tumor
microenvironment conditions.
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detect GSH at molecular level within cancer mimicked
conditions. To test this, high concentrations of GSH (cancer
cell interior condition GSH in mM range) were added to
DMAB-AuNBPs in solution, altering the native reddish color
of the solution progressively to essentially colorless over time
(Figure 10a). Four different concentrations (1, 2.5, 5, and 7.5
mM) were tested (Figure 10a, and SI, Figure S7), which is
consistent with physiological levels of GSH found in the
cytosol of cells (1−10 mM).36 The time it took to change the
color depended on GSH concentration, and eventually, all
DMAB-AuNBP solutions became colorless and formed a black
precipitate at the bottom regardless of the initial GSH
concentration. The 7.5 mM GSH condition exhibited the
fastest color change, while the slowest change was observed at
1 mM GSH. Figure 10b displays the corresponding spectral
change in UV−vis absorbance as a function of time and GSH
concentration. The UV−vis spectra at high GSH amounts
show a gradual flattening of spectra over time, corresponding
to the loss of color. DMAB-AuNBPs were suspended in saline
as a control. TEM imaging showed little aggregation in the
saline solution (Figure 10c, right) and substantial aggregation
in the 5 mM GSH solution (Figure 10c, left).

■ CONCLUSION
Gold nanoparticles are well studied and reported in the
literature; however, their dual response is less explored. In this
study, we have investigated the preparation of AuNBPs using
dodecyl ethyl dimethyl ammonium bromide (DMAB) as a
structure directing agent which improves the biocompatibility
and cargo capacity of engineered AuNBPs. These DMAB
stabilized AuNBPs exhibit monodispersed morphologies
similar to CTAB-directed AuNBPs with better yields (90%)
at ever reported large scales (500 mL/batch). Optical and
morphological characteristics are validated through spectro-
scopic and microscopic examinations, respectively. Due to
better surface plasmon resonance and heat response (51 °C),
these particles demonstrate photo triggered drug release (more

than 80%) and synergistic chemophototherapy for breast
cancer cells under near-infrared light (NIR, 808 nm)
irradiation. We have noted significant drug release response
(66−74%) in tumor microenvironment conditions. Interest-
ingly, the observed aggregation of plasmonic nanoparticles
indicating the rapid exchange between excess glutathione and
DMAB surfactant over AuNBPs’s surface within cancer
mimicked environment. Hence, it is an indication of detecting
cancer cell related biomarkers at molecular level for early stage
cancer diagnosis. Overall, we have investigated a reliable
synthesis recipe (more than 15 times) of biocompatible
plasmonic nanoparticles, demonstrating multifunctional re-
sponse for cancer theranostics applications.

■ MATERIALS AND METHODS
Materials. Gold chloride trihydrate (HAuCl4·3H2O) ≥99.9%

(Sigma), sodium citrate tribasic dihydrate ≥99.0% (Merck), sodium
borohydride (NaBH4) 98.0% (Merck), 35% hydrochloric acid (HCl)
(SRL), cetyltrimethylammonium bromide (CTAB) ≥99% (Sigma),
dodecylethyldimethylammonium bromide (DMAB) ≥98.0% (Sigma),
benzenedimethylhexadecylammonium chloride (BDAC) (Sigma),
silver nitrate (AgNO3) (SRL), cetyltrimethylammonium chloride
(CTAC) (TCI chemicals) >95.0%, citric acid (SRL) 99.5%, and
reduced glutathione (GSH) (SRL) 99%.
Methods. Synthesis of AuNBPs. CTAB-free AuNBPs were

synthesized using the seed-mediated growth method. To prepare
gold seeds, HAuCl4 (10 mM, 125 μL) and sodium citrate (10 mM,
250 μL) were added in 9.625 mL of deionized water. The solution
was stirred for 1 min. Ice-cold NaBH4 (0.01 M, 150 μL) was slowly
added to the solution, after which the color of the solution turned
reddish orange, indicating the formation of gold seeds. The seeds
were left to age for at least 2 h at 30 °C. For growth, AuNBPs were
synthesized by a seed-mediated method. The seed solution was
prepared by a constant heating protocol. In brief, 4 mL of HAuCl4
was added to a 4 mL, 95 mM CTAC solution. Then 100 μL of ice-
cold NaBH4 was quickly added to the solution. The solution was
stirred for 1 min to allow the release of H2 gas. Citric acid (160 μL,
0.1M) was added to the solution. The vial was tightly capped and
heated at 85 °C for 1.5 h.

Figure 10. Molecular GSH response of AuNBPs. (a) Digital photographs showing color change for different GSH concentrations with respect to
time. (b) UV−vis−NIR spectra of DMAB-AuNBPs in solution after 80 min of immersion with 1, 2.5, 5, and 7.5 mM of glutathione. (c) HR-TEM
(300 kV) image of aggregated NBPs in the presence of 5 mM glutathione (left) and saline control (right).
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Synthesis of Biocompatible AuNBPs. The preparation of seed was
the same as mentioned earlier. Here, biocompatible surfactant DMAB
was used to prepare the growth solution; HAuCl4 (0.01 M, 200 μL),
AgNO3 (0.01 M, 40 μL), and HCl (1N, 80 μL) were added to a 4
mL, 0.1 M DMAB solution. The solution was stirred, and ascorbic
acid (0.1M, 32 μL) was added to the vial. After the addition of
ascorbic acid, the color of the solution changed from light yellow to
colorless. In this solution, 85 μL of seed solution were added to
initiate the nanostructure formation process. The solution was
incubated at 30 °C for 4 h. The color of the solution gradually
changed from colorless to red. The solution was then centrifuged at
5000 rpm for 10 min. The supernatant was discarded, and the pellet
was quickly resuspended in 4 mL of 10 mM DMAB for further
processing. Further, purified nanoparticles were studied by various
characterizations. The UV−vis−NIR spectrum of synthesized AuNBP
solutions were analyzed from 400 to 1000 nm. The spectrum
consisted of two peaks: 560 nm (approx) and 800 nm (approx). The
purity of AuNBPs in solution was calculated from comparing the
LSPR absorbance peak to the spherical impurity absorbance peak.
TEM images were used to quantify the purity.
Optimization of Yield from Unheated Seed-Mediated Growth

Methods. To optimize the yield of AuNBPs made from unheated
seeds, different concentrations of DMAB, HCl, and AgNO3 were
added to the reaction mixture. For DMAB optimization, 0.025, 0.05,
0.1, 0.2, and 0.3 M concentrations were used, keeping every other
concentration and condition same. For HCl optimization, 0, 20, 40,
80, 120, and 200 μL of 1 N HCl were added in different reaction
mixtures. Different centrifugation−resuspension conditions following
AuNBP growth, including RPM, centrifugation time, and DMAB
concentration after resuspension, were also optimized. LSPR
wavelength of AuNBPs can be tuned by altering the aspect ratio of
AuNBPs. The aspect ratio of NBPs is governed by the seed
concentration in the growth solution. To tune LSPR in the NIR
region, seed volume was increased from 60 to 140 μL in steps of 20
μL.
Increasing DMAB-AuNBPs Yield with BDAC Flocculation. BDAC

was added to AuNBPs in solution to flocculate and precipitate the
particles to increase purity following removal of the supernatant and
resuspension. The growth solution was centrifuged at 5000 rpm for 10
min. The pellet was resuspended in 4 mL of 0.01 M DMAB. The
process was repeated twice to wash the pellet. The pellet was
resuspended in 1.2 mL of 10 mM DMAB. Then 2.56 mL of BDAC
(0.5 M) was added to the tube containing 1.2 mL of nanostructure
solution, and the volume was made 4 mL by adding 240 μL of water.
The mixture was mixed well and left undisturbed for 16 h at 30 °C.
The pink supernatant was removed, and 1.2 mL of 10 mM DMAB
was added to the precipitate. The tube was sonicated for 2 min. The
resulting purified solution (brownish in color) was centrifuged at
5000 rpm for 10 min. The supernatant was discarded and replaced
with 1 mL of 10 mM DMAB. The step was repeated twice to remove
the BDAC completely from the solution. The purified bipyramids
were redispersed in 600 μL of 10 mM DMAB. The yield of NBPs was
determined by UV−vis spectroscopy.
Phototransduction, in Vitro Biocompatibility, and Cancer

Theranostics Studies: Gold concentration in synthesized NBPs was
determined by inductively coupled plasma−atomic emission spec-
troscopy (ICP-AES). Different dilutions of samples were made. The
samples were loaded in 96-well plate, and the plate was kept floating
in a water bath at a constant temperature of 37 °C. The NIR laser
(808 nm, 2 W/cm2) was irradiated on each well for different times (1,
2, 3, 4, and 5 min), and the temperature of the samples was noted.
Two ×105 L929 normal cells were used to evaluate cell viability,
followed by the (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium
bromide) (MTT) assay. DMAB and CTAB-decorated AuNBPs were
tested with normal cells at various concentrations (5−500 ug/mL).
During this assay, cells were incubated for 24 h with 5% CO2 in
Dulbecco’s Modified Eagle’s Medium (DMEM Gibco, Carlsbad, CA,
USA) and supplemented with 10% fetal bovine serum and penicillin/
streptomycin at 37.0 °C. After complete incubation, engineered
nanoparticles were treated with cells for overnight with 100 μL of

each nanoparticle (5 to 500 ug/mL). These cells were washed with
PBS to remove excess particles from the treatment. Now, 20 μL of
MTT dye was added to estimate the % cell viability, where formazan
crystals were dissolved using 180−200 μL of dimethyl sulfoxide
(DMSO). The optical absorbance was recorded using microplate
reader (Tecan Infinite 200 PRO). Cells without nanoparticle
treatment were considered a control for calculating the % cell
viability from the MTT assay. The cancer theranostic performance of
engineered nanoparticles was evaluated on breast cancer cells. MDA-
MB231 breast cancer cells (2 × 105 cells/well) were cultured and
treated with DOX-loaded DMAB-stabilized AuNBPs with and
without NIR light (808 nm, 2 W/cm2). Prior to beginning the
cancer therapeutics, 100 μL of drug-loaded nanoparticles were treated
with breast cancer cells for 4 h, and then these treated cancer cells
were washed with PBS to remove the unattached nanoparticles. Then
20 μL of MTT dye was added to estimate the % cell viability, where
formazan crystals were dissolved using 180−200 μL of DMSO. The
optical absorbance was recorded using microplate reader (Tecan
Infinite 200 PRO).
Cancer Cell Imaging and Molecular GSH Detection. For cell

imaging, breast cancer cells were treated with red emitting (due to
DOX) AuNBPs (100 μL) and incubated for 4 h. Now, these cells
were washed with PBS thoroughly, fixed with 4% paraformaldehyde,
and stained with 4,6-diamidino-2-phenylindole (DAPI for cell nuclei).
These treated and stained cells were mounted with the coverslip using
70% glycerol on a glass slide and then brought under a fluorescence
microscope to track the location of red dots (from DOX-loaded
AuNBPs) and blue nuclei, whereas for molecular GSH detection, 0.5
mL of as-synthesized AuNBPs were mixed with 1 mL of growth
solution. Different concentrations of glutathione were added to
AuNBPs, and a change in color was observed. The UV−vis spectra
were taken at different intervals of time. Morphological change was
visualized using HR-TEM (300 keV).
Quantification and Statistical Analysis. All experiments were

performed in technical triplicate. Error bars represent standard
deviation unless otherwise noted. Cell viability experiments were also
performed in technical triplicate to enable calculation of standard
deviation. Data were analyzed and plotted using OriginPro 8 and
Graphpad Prism software. Graphpad Prism was also used to perform
statistical analysis such as error calculations and Student t tests where
appropriate.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsabm.4c00409.

UV−vis spectra and TEM images of the starting Au
seeds; the longitudinal diameters of DMAB-AuNBPs
and CTAB-AuNBPs were calculated from TEM images
following manual segmentation; UV−vis spectra of
DMAB-AuNBPs were characterized following BDAC-
mediated flocculation purification; The photothermal
profile of DMAB-AuNBPs in solution was characterized
as a function of time and AuNBP concentration; UV−vis
spectra of DMAB-AuNBPs in different concentrations of
GSH over time were evaluated (PDF)
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