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Abstract  Specifically targeted gold nanobipyramids 
(GNBs) hold great potential as photothermal thera-
peutic agent apart from various other applications 
such as contrast agents in diagnostic imaging tech-
niques, biosensors, drug delivery, and hence their 
cytotoxicity need to be determined. Further, the effi-
ciency of specifically targeted therapeutic delivery 
depends on various factors such as expression levels 
of target protein, targeting moiety, route of adminis-
tration, and location of tissue. Hence, it is desirable 
to understand the efficiency of targeting moieties 
such as aptamers and antibodies in specifically target-
ing their target protein and their effect on cytotoxic-
ity. Studies comparing the targeting efficiency of 
aptamer- and antibody-conjugated gold nanobipyra-
mids on their cytotoxicity; targeting ability and pho-
tothermal effect are very scarce. In this perspective, 
present study investigates the photothermal properties 
of gold nanobipyramids and compares the effect of 
targeting moiety against MUC1 protein on cell cyto-
toxicity and thermal effect on MCF7 cell lines and 
HCT116 cell lines. Transmission electron microscopy 

(TEM) micrographs represented that the synthesized 
gold nanostructures were of bipyramidal shape with 
an average length of 71.73 nm and width of 27.7 nm. 
The results showed that conjugation with aptamer had 
greatly reduced the cytotoxicity of nanobipyramids 
on both the cell lines compared to antibody conju-
gation. In  vitro photoablation studies revealed that 
aptamer-conjugated nanobipyramids were more effi-
cient in specifically photoablating MCF7 cell lines 
w.r.t HCT116 cell lines in comparison to antibody-
conjugated nanobipyramids which were consistent 
with cellular uptake studies.

Keywords  Gold nanobipyramids · Photothermal 
therapy · Aptamer · Antibody · Cytotoxicity · 
Biocompatibility

Introduction

Gold nanobipyramids are evolving as promising can-
didates because of their diverse biomedical applica-
tions in in  vitro and in  vivo imaging and diagnos-
tics, spectroscopy, photocatalysis, photothermal 
therapy, and drug delivery applications. They offer 
unique plasmonic properties which contribute to high 
absorption and scattering coefficient, efficient light 
to heat conversion, and high photostability [1–3]. 
Gold nanobipyramids with broad base and sharp 
tips find advantage in biomedical photonic appli-
cations because of their narrow plasmonic peaks, 
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flexible tuning of their LSPR towards NIR window, 
and strong local electric field enhancements. The 
presence of two sharp edges endows them to absorb 
light efficiently in comparison to other popularly used 
gold nanostructures like nanospheres and nanorods. 
These possess several folds higher two-photon action 
cross section than that of organic fluorophores which 
assists as energy donors in photothermal and photo-
dynamic therapies [4–6]. Further, tunable absorption 
wavelengths, fascinating shape homogeneity, and 
high chemical stability of nanobipyramids in com-
parison to other gold nanostructures make them better 
probes for nanotheranostics. For example, Feng et al. 
developed folic acid-conjugated gold nanobipyramid-
based theranostic probe for surface-enhanced Raman 
scattering-mediated phototherapy of breast cancer 
cells [7]. Similarly, Li and group designed indocya-
nine green-conjugated mesoporous silica-coated gold 
nanobipyramids as light responsive nanotheranostic 
probe for dual imaging (fluorescence and photoacous-
tic imaging)-based PTT [8]. The unique properties 
of nanobipyramids and their applications have been 
recently reviewed [9]. To increase the applicability 
of any nanostructure for cancer targeting and therapy, 
detailed investigations on their cytotoxicity and other 
properties like photothermal efficiency are needed. 
For gold nanobipyramids, very few studies have 
reported their cytotoxicity and application as photo-
thermal and contrast agents in targeting cancer due to 
limitations of their preparation and modifications [7, 
10, 11]. Secondly, to increase the efficiency of tumor 
targeting, surface modifications of nanostructures 
are done with specific antibodies or aptamers against 
tumor antigens [12]. However, the ssDNA aptamer 
and antibody are entirely different molecules, and the 
effect of surface modification of nanostructure with 
these two entities could vary. Hence, this work was 
undertaken to investigate the cytotoxicity of nanobi-
pyramids and to systematically assess the effect of 
modifying GNB surface with target specific aptamer 
and antibody. Further, the impact of surface modifi-
cation on GNB toxicity and photothermal efficiency 
was also investigated.

MUC1 protein is a glycoprotein, mucin family 
member which is overexpressed on the surface of 
almost all tumor cells and extensively targeted protein 
for site specific delivery of therapeutic molecules. 
Hence, it was decided to target MUC1 protein on 
MCF-7 breast cancer cell lines which overexpresses 

it on the surface. Recently, Qiao and group [13] 
have developed and demonstrated a strategy based 
on MUC1 aptamer-conjugated gold nanobipyra-
mids modified with fluorescent polymer for real-time 
monitoring of temperature change during PTT and its 
effect on MCF7 cells. The study showed that MUC1 
aptamer conjugation enhanced the fluorescent inten-
sity in MCF7 cells and also the specificity compared 
to COS-7 cells. However, there is a relative dearth of 
literature on the studies comparing the efficiency of 
targeting moiety for delivering nanobipyramids as 
photothermal agent and their effect on cytotoxicity of 
nanobipyramids. Such studies are required to have an 
insight on the therapeutic abilities of nanobipyramids. 
Thus, the present study was undertaken to fill this 
knowledge gap by investigating the potential of gold 
nanobipyramids as PTT agents and the effect of sur-
face modi0fication of nanobipyramids on cancer cell 
killing and photothermal efficiency.

Materials and methods

Materials

All reagents and chemicals used were of analytical 
grade or HPLC grade. All reagents and chemicals 
used for cell culture were of cell culture grade. Gold 
(III) chloride hydrate, sodium borohydride (NaBH4), 
cetyltrimethyl ammonium chloride (CTAC) solution, 
cysteamine dihydrochloride, and polyethylene glycol 
methyl ether thiol (mPEG-SH) of molecular weight 
6000 were purchased from Sigma-Aldrich, India. 
Cetyltrimethyl ammonium bromide (CTAB), silver 
nitrate (AgNO3), 8-hydroxyquinoline (HQ), Tween 
20, Triton X-100, and sodium hydroxide (NaOH) 
were purchased from Sisco Research Laborato-
ries Pvt. Ltd., India. RPMI-140, fetal bovine serum, 
trypsin, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) reagent, and sucrose 
were purchased from HiMedia Laboratories Pvt. Ltd., 
India. The cell lines used in the study were procured 
from the National Centre for Cell Science, Pune, 
India. Capture oligonucleotide (5′-SH-GCC​TGT​TGT​
GAG​CCT​CCT​GTC​GAA​-3′) and MUC1 specific 
aptamer with 5′ modification (5′-Alexa488-GGG​AGA​
CAA​GAA​TAA​ACG​CTC​AAG​CAG​TTG​ATC​CTT​
TGG​ATA​CCC​TGG​TTC​GAC​AGG​AGG​CTC​ACA​
ACA​GGC​-3′) [14] MUC1 aptamer was synthesized 
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from Eurofins Genomics India Pvt. Ltd., India. Alexa-
480-tagged anti-MUC1 antibody was purchased from 
Novus Biologicals (India).

Synthesis of gold nanobipyramids and their 
PEGylation

In the present study, the synthesis of gold nano-
bipyramids was carried out by following CTAC-
directed, seed-mediated two-step synthesis method. 
This method involves synthesis of CTAC seed solu-
tion and growth of seed mediated by dual surfactant 
(CTAC and CTAB) and low potential reducing agent 
8-hydroxyquinoline.

Synthesis of CTAC seed solution

To a clean dry flask placed on magnetic stirrer, 486 
µL of 25% CTAC solution was added, and the solu-
tion was volumized to 4 mL to obtain the final con-
centration of 95  mM. After a gentle stir, 4  mL of 
0.5 mM HAuCl4 solution was added, and the stirring 
was continued for 20–30 s at 20 °C. To this mixture, 
72 µL of 250 mM nitric acid was added, and the stir-
ring was increased to 1000  rpm. After stirring for 
20  s, 100 µL of reducing solution (equimolar quan-
tity (50 mM) of NaBH4 and NaOH) was added result-
ing in the formation of brownish color solution. The 
solution was stirred vigorously (1000 rpm) for 1 min. 
Now, 16 µL of 1 M trisodium citrate was added and 
stirred gently. Finally, the flask was placed in a water 
bath preheated at 85  °C for 1  h to promote aging. 
After aging, the seed solution was cooled to room 
temperature naturally.

Synthesis of growth solution

Gold nanobipyramids were synthesized using dual 
surfactant which involves both CTAB and CTAC as 
surfactants for directing the growth and stabilization. 
For this, firstly, the surfactant mixture was prepared 
by mixing 6  mM CTAB and 140  mM CTAC and 
volumized to 4 mL. To this 4 mL surfactant mixture, 
40 µL of 25 mM HAuCl4 was added and placed on 
magnetic stirrer under gentle stirring. Twelve micro-
liters of AgNO3 was added, and the stirring was con-
tinued for another few seconds. Forty microliters of 
0.4 M 8-HQ was added to reduce the gold salt result-
ing in the transformation of dark yellow solution to 

pale yellow color solution. After stirring the solu-
tion for 1  min, 40 µL of seed CTAC seed solution 
was added which acts as nucleating centers for the 
growth of gold nanobipyramids. The flask was placed 
in a water bath at 45  °C for 15  min. Later on, 30 
µL of 0.4 M 8-HQ was added again and placed in a 
water bath at 45  °C for 90  min for further aging of 
gold nanobipyramids. After aging, gold nanobipy-
ramids were harvested by centrifuging the solution at 
8000 rpm for 10 min and washed with Milli-Q.

Surface modification with thiolated polyethylene 
glycol (mPEG‑SH)

The surface modification of as-synthesized gold 
nanobipyramids with mPEG6000-SH was carried out 
in 2  mM sodium carbonate buffer. Briefly, to the 
harvested pellet of gold nanobipyramids, 475 µL of 
sodium carbonate buffer and 25 µL of 2 mM mPEG-
SH solution were added. The above mixture was 
placed on a shaker at 180 rpm, room temperature for 
24  h. After the incubation time, the unbound PEG 
molecules were removed by spinning at 8000  rpm 
for 10 min, and the final pellet was dissolved in 1X 
phosphate buffer saline (PBS) solution of pH 7.4. The 
PEGylated gold nanobipyramids were stored at 4 °C 
till further use.

Conjugation of gold nanobipyramids with 
anti‑MUC1 aptamer

The conjugation of nanobipyramids with anti-MUC1 
aptamer involves two steps, viz., (a) surface modifica-
tion of nanobipyramids with capture oligonucleotides 
and (b) hybridization of capture oligonucleotides with 
Alexa-480-tagged anti-MUC1 aptamer sequence.

(a) Surface modification of nanobipyramids with 
capture oligonucleotides

The surface modification of nanobipyramids with 
capture oligonucleotides was performed using salt-
aging approach. Briefly, the synthesized gold nano-
bipyramids were centrifuged at 8000 rpm for 10 min, 
and pellet was collected in a 2-mL centrifuge tube. 
To the above pellet, 100 µL of 2 mM CTAB solution 
was added and mixed gently with pipette for few sec-
onds. To this, 50 µL of 2 mM mPEG-SH solution was 
added, and the mixing was continued for another few 
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seconds. Now, 835 µL of 1X phosphate buffer was 
added, and the tube was placed on shaker at 180 rpm 
for 30 min to check the stability of nanobipyramids. 
To the stable nanobipyramids solution, 15 µL of 
10 µM capture oligonucleotide was added and placed 
on shaker for 16 h at room temperature.

After incubation, 2  M NaCl solution was added 
to the above mixture at an interval of 20 min with an 
increment of 0.05 M at each step till the final concen-
tration of the solution was 1 M. After each addition 
of NaCl solution, sonication was performed for few 
seconds and placed on shaker. After achieving the 
final concentration of 1 M, the solution was aged for 
24 h on shaker at room temperature. After aging, the 
unbound oligonucleotides were removed by spinning 
the solution at 12,000  rpm for 10  min and washed 
with resuspension buffer. The finally obtained capture 
oligonucleotide-nanobipyramids pellet was resus-
pended in 1 mL of resuspension buffer (1X PBS, 5% 
sucrose, 0.1% BSA, 0.01% Tween 20) and stored at 
4 °C for further use.

(b) Hybridization of capture oligonucleotides with 
anti-MUC1 aptamer sequence

Firstly, both capture oligonucleotide-nanobipyra-
mid conjugate solution and MUC1 aptamer solution 
were kept in a water bath at 70 °C, dark for 5 min to 
denature the secondary structures and cooled to room 
temperature naturally. Now, to 1 mL of capture oligo-
nucleotide-nanobipyramid solution, 7.5 µL of 100 nM 
MUC1 aptamer was added and incubated for 30 min. 
The unhybridized aptamer sequences were removed 
by centrifuging at 12,000 rpm for 10 min and washed 
with resuspension buffer. Finally, the conjugate was 
again resuspended in 1 mL resuspension buffer and 
stored at 4 °C till further use.

Conjugation of gold nanobipyramids with 
anti‑MUC1 antibody

The nanobipyramids were conjugated with anti-
MUC1 antibody using carbodimide chemistry 
through EDC/NHS and cysteamine [15]. For the 
conjugation of antibody, the as-synthesized nanobi-
pyramids were centrifuged for 10 min at 8000 rpm 

to remove the excess and unreacted reactants. To the 
pellet, 5 µL of 0.4  M cysteamine dihydrochloride 
and 10 mL of 16 mM HNO3 were added. The mix-
ture was aged for 30 min and centrifuged for 15 min 
at 8000  rpm. The pellet was dispersed in 1  mL of 
MilliQ. In a separate tube, 0.005% Tween 20 solu-
tion, 2 mM EDC, and 5 mM NHS were added, volu-
mized to 1 mL and aged for 10 min. To this EDC/
NHS mixture, 1.5 µL of 1  mg/mL of anti-MUC1 
antibody was added and aged for at least 1 h at 4 °C. 
Now, EDC/NHS-modified antibody was added to 
1 mL of cysteamine-modified gold nanobipyramids 
and aged for 1 h at 4  °C. After aging, the solution 
was centrifuged for 10 min at 8000 rpm to remove 
unbound antibodies, and the pellet was resuspended 
in 950 µL of sodium carbonate buffer and 50 µL of 
2  mM mPEG-SH solution and incubated for over-
night under gentle shaking. Followed by incubation, 
the solution was centrifuged for 10  min to remove 
unbound PEG. Finally, the pellet was resuspended 
in resuspension buffer and stored at 4 °C till further 
use.

Characterization of conjugation and unconjugated 
gold nanobipyramids

The as-synthesized gold nanobipyramids were char-
acterized using CARY60 UV–Visible spectropho-
tometer (Agilent Technology) and transmission 
electron microscopy (TEM, H-7500, Hitachi). Sur-
face modification with polyethylene glycol was con-
firmed with FTIR analysis using RZX (Perkin Elmer) 
Fourier-transform infrared spectrophotometer. The 
UV–Visible spectra of aptamer functionalized 
gold nanobipyramids were analyzed on CARY60 
UV–Visible spectrophotometer (Agilent Technology) 
for determining their surface plasmon peaks. The sur-
face functionalization of aptamer on nanobipyramids 
was confirmed by FTIR analysis using RZX (Perkin 
Elmer) Fourier transform infrared spectrophotometer. 
The internalization of aptamer-conjugated nanobipy-
ramids was determined by fluorescence microscopy. 
The concentration of elemental gold of aptamer-con-
jugated nanobipyramids was determined using induc-
tively coupled plasma mass spectroscopy (ICP-MS) 



J Nanopart Res (2023) 25:165	

1 3

Page 5 of 22  165

Vol.: (0123456789)

analysis (Element XR, Thermo Fisher Scientific). 
The conjugation of nanobipyramids with antibody 
was confirmed by using UV–Visible spectroscopy 
and fluorescence microscopy.

In vitro toxicity assessment of gold nanobipyramids

The toxicity of nanobipyramids was carried out on 
MCF7 breast cancer cell lines and HCT116 colon 
cancer cell lines using MTT assay. Biocompat-
ibility studies were carried out on human red blood 
cells collected from healthy donors. The study was 
approved by the Institute Ethical committee (IEC 
No.: IEC/2019–20/05), and human blood samples 
were collected from volunteers after filling due con-
sent form.

Cell culture

Human breast cancer cell line, MCF7, and human 
colon cancer cell line, HCT116, were procured from 
NCCS Pune, India. Both the cell lines were cultured 
in RPMI-1640 supplemented with 10% fetal bovine 
serum (FBS). The cells were maintained at 37 °C, 5% 
CO2, and humidity to achieve optimal growth. The 
sub-culturing was carried out by trypsinization using 
0.25% (w/v) trypsin/EDTA.

Effect of surface modification on the cytotoxicity 
and specific cell killing ability of nanobipyramids

To study the effect of surface modification of nano-
structures on cytotoxicity towards MCF7 cell lines 
and HCT116 cell lines, the surface of nanobipy-
ramids were modified with mPEG-SH, anti-MUC1 
aptamer, and anti-MUC1 antibody. For this, the 
cells were seeded in 96 well plate at a density of 
105 cells/mL in each well and incubated at 37 °C for 
16  h. After achieving confluence, cells were incu-
bated with different concentrations (25–200  µg/
mL) of surface-modified/unmodified nanobipyra-
mids for various time intervals (2, 4, 6, and 24  h) 
diluted in binding buffer (1X PBS, 4.5  g/Lt Glu-
cose, 5 mM Magnesium chloride, 0.1 mg/mL Her-
ring sperm DNA, 1 mg/mL BSA). Upon completion 
of treatment, nanobipyramid solution was removed, 
and cells were washed with wash buffer (1X PBS, 
4.5 g/Lt glucose, 5 mM magnesium chloride). Now, 
the cell death was determined using MTT assay by 
incubating with MTT solution (100 µL of 0.5  mg/
mL) for 4  h at 37  °C. The formazan crystals were 
dissolved by adding 150 µL of absolute DMSO 
followed by incubation at 37  °C for 15–20  min. 
Finally, the absorbance was read at 570  nm. The 
percentage cytotoxicity was calculated using the 
following formula:

% Cytotoxicity = 100 −

[(

Absorbance of treated sample at 570 nm

Absorbance of untreated sample at 570 nm

)

× 100

]

Cellular uptake studies on MCF7 cell lines and 
HCT116 cell lines

Cellular uptake studies were carried out by quanti-
fying the amount of nanobipyramids taken up by the 
cells using ICP-MS. The cells were seeded at a den-
sity of 1 × 106 cells/mL in a 12 well plate and incu-
bated for 20–24  h. After achieving the confluence 
of 80–85%, the cells were treated with aptamer- and 
antibody-conjugated nanobipyramids at a concen-
tration of 75 µg/mL, 125 µg/mL for 6 h. mPEG-SH-
modified nanobipyramids were employed as control 

to calculate the percentage nonspecific internaliza-
tion of nanostructures. Upon completion of incuba-
tion time, the medium was discarded, and cells were 
washed with 1X PBS. Later, cells were etched with 
1 mL of etching solution (I2/KI solution in the ratio 
of 0.34 mM/0.24 mM) for 3 min and washed thrice 
with 1X PBS. Finally, cells were processed for ICP-
MS analysis by digesting the cells with aqua regia 
at 90  °C overnight to release gold ions from the 
intracellular nanostructures. The percentage cellu-
lar uptake of gold was calculated using the below 
formula:
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Percentage uptake of gold =
Total ppb of gold determined by ICP −MS analysis within cells

Total ppb of gold at the time of exposure with cells
× 100

The percentage specific cellular uptake of aptamer/ antibody-conjugated nanostructures by MCF7 cell 
lines was calculated by using the following equation:

Percentage Specif ic Cellular Uptake =
(% Cellular uptake by MCF7 cell lines − % Cellular uptake by HCT116 cell lines)

% Cellular uptake by MCF7 cell lines
× 100

Biocompatibility assessment on RBCs

The biocompatibility assessment of nanostructures 
was performed on human red blood cells (RBCs). 
The biocompatibility was determined by calculat-
ing percentage hemolysis after treating RBCs with 
aptamer- and antibody-conjugated nanobipyramids.

Quantification of hemolysis

The hemolysis was quantified by determining the ratio 
of hemoglobin released into plasma (plasma hemo-
globin) to total hemoglobin. Briefly, fresh blood from 

a healthy donor was collected in EDTA vacutainer. To 
1 mL of freshly drawn blood, 100 µL of various con-
centrations (50, 75, 100, and 125 µg/mL) of aptamer/
antibody-conjugated nanobipyramids diluted in bind-
ing buffer was added and incubated for 4 h and 6 h 
at 37 °C. After incubation, the treated blood samples 
were centrifuged for 10 min at 4500 rpm. The upper 
plasma portion was carefully collected in a fresh 
tube and diluted with 0.01% sodium carbonate solu-
tion in 1:1 ratio. Finally, the absorbance was noted at 
415 nm, 380 nm, and 450 nm.

The plasma hemoglobin was calculated by apply-
ing the following equation.

Plasma hemoglobin(mg∕dL) =

((

2 × A
415

)

−
(

A
380

+ A
450

)

× 1000 × Dilution factor
)

E × 1.655

where E = 79.46, which was the value of molar 
absorptivity of oxyhemoglobin that has maximum 
absorption at 450  nm; the constant value 1.655 was 

fractioned to minimize the interference raised due to 
the turbidity of plasma.

The percentage hemolysis was calculated using the 
following equation:

Percentage Hemolysis =

(

Plasma hemoglobin of the treated sample

Total hemoglobin of the blood

)

× 100

Measurement of photothermal conversion properties

Photothermal conversion performance of nanobi-
pyramids was measured by irradiating the solution 
of nanobipyramids to a continuous wave, solid state 
laser diode of wavelength, 808 nm (U-LD-80xxSeries 
Laser Diode, Union Optronics Corporation, Taiwan). 
Briefly, 150 µL of different concentrations (25, 50, 
75, 100, 125, 150, 175, and 200 µg/mL) of nanostruc-
ture solution was taken in a 96-well plate, and the 
solution was exposed to laser with a power density of 

1 W/cm2 for 15 min. The temperature of the solution 
was measured by inserting a digital thermometer inte-
grated with thermocouple probe into the solution. The 
change in temperature was recorded for every 1 min. 
Pure water was used as a control to calculate photo-
thermal conversion efficiency. To study the effect of 
surface modification on photothermal conversion 
properties, the surface of both nanobipyramids was 
modified with mPEG-SH, anti-MUC1 aptamer, and 
anti-MUC1 antibody, and the photothermal conver-
sion properties were measured as discussed above.
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Photostability studies

The photostability of nanobipyramids was investi-
gated by irradiating the nanobipyramids’ solution of 
concentration 200 µg/mL to laser for 15 min (LASER 
ON) followed by natural cooling to room temperature 
for 15  min without laser irradiation (LASER OFF). 
This process was repeated for 9 cycles.

In vitro photoablation studies on cell lines

The in  vitro photothermal studies were carried out 
on MCF7 cell lines and HCT116 cell lines by treat-
ing them with aptamer/antibody-conjugated nano-
bipyramids. To carry out this study, the cells were 
trypsinized and seeded in a 96 well plate, followed 
by incubation at 37  °C for 16–18  h. After achiev-
ing the confluence, the medium was discarded and 

washed with 1X PBS or incomplete culture medium 
to remove loosely adhered cells. The cells were 
treated with different concentrations (50, 75, 100, and 
125  µg/mL) of aptamer/antibody-conjugated nano-
bipyramids for 6  h diluted with binding buffer. Fol-
lowed by the treatment, nanobipyramid solution was 
removed and cells were washed with wash buffer. 
Finally, cells were again suspended in wash buffer, 
exposed to laser for 15 min, and incubated for at least 
3 h. After the completion of incubation, the cell dam-
age was assessed by using MTT assay. For this, 100 
µL of 0.5  mg/mL of MTT dye solution was added 
to the laser irradiated cells and incubated for 4  h at 
37  °C. The formazan crystals were dissolved in 150 
µL of absolute DMSO and incubated for 15–20 min 
at 37 °C. Finally, the absorbance was read at 570 nm. 
The percentage cytotoxicity was calculated using the 
formula

% Cytotoxicity = 100 −

[(

Absorbance of treated sample at 570 nm

Absorbance of untreated sample at 570 nm

)

× 100

]

The percentage-specific targeted photoablation 
was calculated by applying the following equation:

Statistical analysis

All the assays were repeated thrice in duplicate each 
time, and then, the mean ± standard deviation was 
calculated. The statistical difference between different 
groups was determined by applying two-way ANOVA 
analysis of variance by using Prism7 software. The 
difference was indicated as p value, and p < 0.001 was 
considered to be statistically significant.

Results and discussion

Synthesis and characterization of gold 
nanobipyramids

Gold nanobipyramids were synthesized using CTAC seed-
mediated two-step synthesis approach. The UV–Visible 

Percentage Specif ic photoablation towards MCF7 cell lines =

⎛

⎜

⎜

⎝

% Cell death of nanostructures treated MCF7 cell lines upon laser exposure−

% Cell death of nanostructures treated HCT116 cell lines upon laser exposure

⎞

⎟

⎟

⎠

% Cell death of nanostructures treated MCF7 cell lines upon laser exposure
× 100

spectra of gold nanobipyramids (Fig. 1a) showed two dis-
tinct peaks, one in visible region termed as Transverse Plas-
mon Resonance Peak (TSPR) and the other in NIR region 
termed as Longitudinal Plasmon Resonance Peak (LSPR). 
TSPR and LSPR have their absorption maxima at 544 nm 
and 805 nm, respectively. TEM micrographs (Fig. 1b) and 
size distribution histograms (Fig. 1c, d) showed that the as-
synthesized gold nanobipyramids possess an average length 
of 71.73 nm with SD of 7.9 nm and width of 27.7 nm with 
SD of 3.09 nm. The average aspect ratio was 2.5. Further, 
the percentage of nanobipyramids among all other shaped 
nanoparticles produced during synthesis was 85.4%.

Surface modification of gold nanobipyramids with 
mPEG‑SH

Gold nanobipyramids were surface functionalized 
with mPEG-SH via standard gold-thiol chemistry. 
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Introduction of PEG on surface of nanobipyramids 
was confirmed through FTIR analysis (Fig. 1e). The 
peak at 3316  cm−1 was due to O–H stretching in 
water molecules. The peak at 2853 cm−1 corresponds 
to C-H stretching of PEG molecules. Similarly, the 
peak at 685  cm−1 was generated by ethers present 
between polymeric groups and SH of PEG molecules. 
The absence of peak at 2550  cm−1 (S–H bond) can 
be attributed to the Au–S interaction [16]. The peaks 
between 1200 and 1000 cm−1 were due to the stretch-
ing of C-O bonds present in PEG. These strong IR 
bands corresponding to the vibrations and stretching 
of various bonds in PEG molecule confirms the sur-
face capping of nanobipyramids with PEG.

Conjugation of gold nanostructures with MUC1 
aptamer

Conjugation of nanobipyramids with MUC1 
aptamer was achieved by employing two-step-
mediated approach. In the first step, single-stranded 
DNA capture oligonucleotides of length 24 bases 
were loaded over the surface of nanobipyramids 
via standard gold-thiol chemistry and salt aging 
method. UV–Visible spectroscopic analysis of 
nanobipyramids-capture oligonucleotide conju-
gates (Fig. 2a) shows the shift in LSPR from 799 to 
805 nm after conjugation. Similarly, FTIR analysis 
(Figure  S1) also shows the characteristic peaks at 
1132  cm−1, 1106  cm−1, and 1268  cm−1 which cor-
responds to phosphodiester bonds and glycosidic 
bond. Furthermore, the peak at 700  cm−1 repre-
sents the presence of ethers in mPEG-SH. The peak 
corresponding to S–H bond at 2550  cm−1 was not 
observed which confirms the formation of Au–S 
bond between thiolated aptamer and gold nanobi-
pyramids. Thus, both UV–Visible spectra and FTIR 
spectra confirms the loading of capture oligonucleo-
tides over the surface of gold nanobipyramids.

Second step involves the hybridization of 
nanobipyramids-capture oligonucleotide conju-
gate with MUC1 aptamer which was confirmed 
by UV–Visible spectroscopy, FTIR analysis, and 
fluorescence microscopy. UV–Visible spectra 

of nanobipyramids-MUC1 aptamer conjugates 
(Fig.  2b) show clear shift in their LSPR from 810 
to 824  nm after hybridization. An FTIR spec-
trum of nanobipyramid-MUC1 aptamer conjugate 
(Figure  S2) also confirms the hybridization by 
exhibiting the characteristic peaks at 1107  cm−1 
and 1421  cm−1 which corresponds to phospho-
diester bond and glycosidic bond, respectively. 
Furthermore, the peak at 1649  cm−1 attributes to 
the stretching vibrations of cytosine. Apart from 
UV–Visible spectra and FTIR spectra, conjugation 
was also confirmed by fluorescence microscopy. 
Fluorescence microscopic imaging of MCF7 cell 
lines treated with either aptamer-conjugated nano-
bipyramids or antibody-conjugated nanobipyramids 
was carried out at a concentration ranging from 5 
to 200 µg/mL for different time intervals of 2, 4, 6, 
8, and 10 h. However, for optimum visualization of 
fluorescence, 100 µg/mL, 150 µg/mL, and 2, 4, 6 h 
were chosen, and further studies were carried out at 
these parameters. The green fluorescence observed 
in MCF7 cells (Fig. 2c) confirms the conjugation of 
Alexa-480-tagged MUC1 aptamer over the surface 
of nanobipyramids. Moreover, the cells were coun-
ter stained with DAPI (blue) to visualize nucleus. 
This confirmed the successful loading of MUC1 
aptamer over the surface of gold nanobipyramids.

The ICP-MS analysis of MUC1 aptamer-con-
jugated nanobipyramids determined the concen-
tration of elemental gold in nanobipyramids as 
254.034 ppm.

Surface modification of nanobipyramids with 
anti‑MUC1 antibody

Nanobipyramids were conjugated with anti-MUC1 
antibody using EDC/NHS chemistry. After the com-
pletion of conjugation process, conjugates were ana-
lyzed by UV–Visible spectroscopy and fluorescence 
microscopy. The UV–Visible spectroscopy analysis 
reported the shift in LSPR of nanobipyramids from 
790 to 809 nm after conjugation (Fig. 3a).

For the fluorescence microscopy studies, MCF7 
cell lines were treated with different concentrations 
(100, 150 µg/mL) of Alexa 480-tagged (green) anti-
MUC1 antibody-conjugated nanobipyramids for 
various time intervals (4, 6  h). As seen in Fig.  3b, 
the green fluorescence observed in the cells con-
firms the conjugation of antibody over the surface of 

Fig. 1   a UV–Visible spectrum of as synthesized nanobipy-
ramids; b TEM micrograph of nanobipyramids; c, d size dis-
tribution graphs of gold nanobipyramids; e FTIR spectrum of 
PEGylated nanobipyramids

◂
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nanobipyramids. Also, determine the internalization 
of antibody-conjugated nanobipyramids and their 
localization in the cytoplasm, around the nucleus 
(blue).

Thus, the surface of gold nanobipyramids were 
modified by introducing different functional/target-
ing moieties, and its subsequent impact was investi-
gated on two different cell lines (MCF7 and HCT116 
cell lines) which vary in their surface expression of 
MUC1 tumor marker. The effect of surface modifi-
cation and targeting moiety on cytotoxicity of gold 
nanobipyramids was determined using MTT assay, 
an in  vitro cytotoxicity assay based on the activ-
ity of mitochondrial potential to reduce the dye into 
formazan crystals.

Assessment of percentage cell‑specific killing ability 
of surface‑modified and surface‑unmodified gold 
nanobipyramids

To assess the percentage and specific cell killing 
ability towards cancerous cell lines, gold nanobipy-
ramids were modified with anti-MUC1 aptamer or 
anti-MUC1 antibody. Naïve gold nanobipyramids and 
PEGylated nanobipyramids were used to assess non-
specific cell killing. Figure  4a–d shows the percent-
age cytotoxicity of surface modified gold nanobipyra-
mids at 2 h, 4 h, 6 h, and 24 h, respectively, on MCF7 
cell lines in comparison with unmodified nanobipy-
ramids. The results showed a decrease in cytotoxic-
ity (50% with aptamer conjugation and 16.8% with 

Fig. 2   a UV–Visible spectra of nanobipyramids before conju-
gation (LSPR: 799 nm) and after conjugation (LSPR: 805 nm) 
with capture oligonucleotide; b UV–Visible spectra of nano-
bipyramids before conjugation (LSPR: 810 nm) and after con-
jugation (LSPR: 824  nm) with anti-MUC1 aptamer; c fluo-

rescence microscopic images of MCF7 cell lines treated with 
Alexa fluor 480-labeled anti-MUC1 aptamer-conjugated nano-
bipyramids (green) indicate the internalization of nanobipyra-
mids and nuclei stained with DAPI (blue)



J Nanopart Res (2023) 25:165	

1 3

Page 11 of 22  165

Vol.: (0123456789)

antibody conjugation; treated with 200  µg/mL for 
24  h) of nanobipyramids upon their surface modifi-
cation. Similarly, Fig.  4e–h shows the percentage 
cytotoxicity of surface modified gold nanobipyramids 
at 2 h, 4 h, 6 h, and 24 h, respectively, on HCT116 
cell lines. The cytotoxicity of nanobipyramids on 
HCT116 cell lines was observed to decrease (26% 
with aptamer conjugation and 9.4% with antibody 
conjugation; treated with 200  µg/mL for 24  h) after 
surface modification with either aptamer or antibody 
which was evident from the data.

To our surprise, it was observed that the toxic-
ity of modified nanobipyramids towards MCF-7 cell 
lines was higher at 6-h compared to 24-h treatment 
for both aptamer- and antibody-modified nanobipyr-
amids. Henceforth, all further analyses were carried 
out at 6-h treatment. From the above cytotoxicity 

data, IC50 values were calculated for aptamer- and 
antibody-conjugated gold nanobipyramids and 
found to be 110.788  µg/mL and 86.37  µg/mL, 
respectively. Thus, 125  µg/mL is determined to be 
the nearest concentration of IC50 value. Hence, fur-
ther studies were carried out at this concentration.

Further comparative studies reported that naïve nano-
bipyramids and PEGylated nanobipyramids exhibited 
approximately similar level of cell killing on both MCF7 
and HCT116 cell lines (Fig. 5a, b) at any concentration. 
This infers that unmodified nanobipyramids exhibited 
nonspecific cell killing because of their high cytotoxicity 
towards both the cell lines. However, conjugation with 
aptamer not only reduced the nonspecific cytotoxicity 
but also exhibited high specific killing towards MCF7 
cell lines (41%) in comparison to antibody modified 
nanobipyramids (24%) (Fig. 5c, d).

Fig. 3   a UV–Visible 
spectra of a nanobipyramids 
before conjugation (LSPR: 
790 nm) and after conjuga-
tion (LSPR: 809 nm) with 
anti-MUC1 antibody; b 
fluorescence microscopic 
images of MCF7 cell lines 
treated with Alexa fluor 
480-labeled antibody-
conjugated nanobipyra-
mids (green) indicate the 
internalization of nanobipy-
ramids and nuclei stained 
with DAPI (blue)
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Fig. 4   In vitro toxicity profiling of nanobipyramids on a–d 
MCF7 cell lines and e–h HCT116 cell lines treated with naïve 
GNBs, PEG-GNBs, anti-MUC1 Aptamer-GNBs, and anti-

MUC1 Antibody-GNBs for different time intervals: (a) 2 h; (b) 
4 h; (c) 6 h; and (d) 24 h
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Comparative analysis of targeting moiety towards 
killing cancerous cell lines

The effect of targeting moiety, i.e., aptamer or anti-
body on the ability of cell damage, was studied on 
MCF7 cell lines by treating the cells with surface 
functionalized nanobipyramids for different time 
intervals (2, 4, and 6 h) at a concentration of 125 µg/
mL. The comparative effect of targeting moiety on 
cell killing ability of nanobipyramids on MCF7 cell 
lines is shown in Fig. 6a. At any exposure time anti-
body-conjugated nanobipyramids exhibited higher 
cell death than that of aptamer-conjugated nanobipyr-
amids. After 2 h of exposure with aptamer-conjugated 
nanobipyramids, the cytotoxicity was observed to be 
24.5%, whereas with antibody-conjugated nanobipy-
ramids, it was observed to be 44%. Similarly, after 4 h 
of treatment, the cytotoxicity was 23% and 48% with 
aptamer-conjugated nanobipyramids and antibody-
conjugated nanobipyramids, respectively. However, 

with the increase in time of exposure to 6 h, the dif-
ference between the cytotoxicity of aptamer-conju-
gated and antibody-conjugated nanobipyramids was 
decreased, i.e., 47% and 59%, respectively.

Figure  6b represents the comparative analysis of 
effect of targeting moiety on the cytotoxicity of nano-
bipyramids. Here, with HCT116 cell lines also, the 
cytotoxicity of antibody-conjugated nanobipyramids 
was increased with increase in exposure time, whereas 
reverse trend was observed with aptamer-conjugated 
nanobipyramids. The cytotoxicity of aptamer-conju-
gated nanobipyramids and antibody-conjugated nano-
bipyramids was observed to be ~ 6% and ~ 34%, respec-
tively, after 6 h of exposure with HCT116 cell lines.

Specific toxicity of nanostructures on MCF7 cell 
lines w.r.t. HCT116 cell lines

Based on the above cytotoxicity data, the spe-
cific toxicity of aptamer/antibody-functionalized 

Fig. 5   Comparative toxicity profiling of a naïve nanobipyra-
mids; b PEG modified nanobipyramids on MCF cell lines and 
HCT116 cell lines at different concentration exposed for 24 h. 
Comparative toxicity profiling of nanobipyramids modified 
with c anti-MUC1 aptamer; d anti-MUC1antibody on MCF7 

cell lines w.r.t. HCT116 cell lines at different time intervals of 
exposure (statistical analysis compared with MCF7 cell lines 
at 125 µg/mL with HCT116 cell lines represents the p value, 
p = ns (non-significant), p = **(< 0.001))
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nanobipyramids on MCF7 cell lines w.r.t. HCT116 
cell lines was calculated using the following formula:

The results showed that the specific cytotoxicity 
was decreased with increase in the concentration of 
nanobipyramids functionalized either with aptamer 
or antibody. Aptamer-conjugated nanobipyramids 
showed greater specific cell death than antibody-
conjugated nanobipyramids at lower concentrations 
(Fig. 6c).

(%Cytotoxicity of nanoconjugates on MCF7 cell lines − %Cytotoxicity of nanoconjugates on HCT116 cell lines)

%Cytotoxicity of nanoconjugates on MCF7 cell lines
× 100

Cellular uptake studies of nanobipyramids on MCF7 
cell lines and HCT116 cell lines

Cellular internalization of surface-modified gold 
nanobipyramids was investigated by quantifying the 
percentage of elemental gold content within the cells 
by using ICP-MS analysis. The studies were carried 
out at 6-h exposure with 75 µg/mL and 125 µg/mL of 
aptamer and antibody functionalized nanobipyramids. 
PEGylated nanobipyramids were used as control to 

Fig. 6   Histograms depicting the effect of targeting moiety on 
nanobipyramid’s surface towards killing a MCF7 cell lines and 
b HCT116 cell lines at different time intervals of exposure at 
125 µg/mL. Statistical analysis compared within the group rep-
resents the p value, p = *** (< 0.0001), p = ** (< 0.001), p = * 

(< 0.01), p = ns (non-significant); c histograms depicting per-
centage specific cell killing (MCF7 cell lines w.r.t. HCT116 
cell lines) by anti-MUC1 aptamer- and anti-MUC1 antibody-
conjugated nanobipyramids on treated for 6 h
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subtract the nonspecific internalization of nanostruc-
tures. The percentage of intracellular elemental gold 
as quantified by ICP-MS showed the decrease in inter-
nalization with increase in concentration, irrespective 
of nature of targeting moiety. In the case of aptamer-
conjugated nanobipyramids (Fig.  7a), at 75  µg/mL, 
the percentage intracellular gold was calculated to 
be 0.0511% for MCF7 cell lines and 0.0294% for 
HCT116 cell lines, whereas, at 125 µg/mL, the per-
centage intracellular gold was decreased to 0.0369% 
for MCF7 cell lines and 0.0204% for HCT116 cell 
lines. Similarly, in the case of antibody-conjugated 

nanobipyramids, the percentage intracellular gold 
was determined to be 0.0503% and 0.0404% for 
MCF7 cell lines and HCT116 cell lines at 75 µg/mL, 
respectively. At 125  µg/mL concentration, 0.0299% 
and 0.0241% of intracellular gold from antibody-
conjugated nanobipyramids was determined in MCF7 
cell lines and HCT116 cell lines, respectively.

PEGylated nanobipyramids showed nonspecific 
internalization in both the cell lines which was evi-
dent from the percentage intracellular gold deter-
mined from ICP-MS data (0.029% and 0.015% for 
MCF7 cell lines and HCT116 cell lines at 75 µg/mL, 

Fig. 7   a Percentage cel-
lular uptake of targeting 
moiety functionalized 
nanobipyramids by MCF7 
cell lines and HCT116 cell 
lines analyzed by ICP-
MS; b percentage-specific 
cellular uptake of aptamer- 
and antibody-conjugated 
nanobipyramids by MCF7 
cell lines w.r.t. HCT116 
cell lines
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respectively; 0.013% for both the cell lines at 125 µg/
mL).

Further, percentage-specific cellular uptake of 
nanostructures by MCF7 cell lines w.r.t. HCT116 
cell lines (Fig.  7b) was calculated using ICP-MS 
analysis data by employing percentage specific cel-
lular uptake equation. These results showed that 
aptamer-conjugated nanobipyramids were more 
internalized than antibody-conjugated nanobipyra-
mids. The results of ICP-MS data were in accord-
ance with specific cytotoxicity data which reported 
that the aptamer-conjugated nanobipyramids exhib-
ited greater and specific cytotoxicity towards MCF7 
cell lines.

Biocompatibility studies on RBCs

The biocompatibility studies were carried out by 
quantifying the percentage hemolysis of RBCs. Fur-
ther, the percentage hemolysis was quantified by esti-
mating the hemoglobin released form the lysed RBCs 
into plasma at 380 nm, 415 nm, and 450 nm after the 
treatment of freshly drawn blood with different con-
centrations of surface-modified nanobipyramids for 
4  h and 6  h. Figure  8a, b shows the hemolytic pro-
file of surface modified nanobipyramids at 4  h and 
6 h of exposure time, respectively. The data showed 
that nanobipyramids caused hemolysis of RBCs with 
increase in concentration and time of exposure. How-
ever, percentage hemolysis was less than 2% at any 

concentration, time of exposure, and with either of 
the surface-modified nanobipyramids. Furthermore, 
there was no significant change in percentage hemol-
ysis of RBCs as compared with negative control. 
These results were also in accordance with ASTM 
(American Standards for Testing and Materials) ref-
erence which says that percentage hemolysis > 5 after 
balancing the values of negative control was consid-
ered as hemolytic.

Measurement of photothermal properties of gold 
nanobipyramids

The photothermal conversion efficacy was calculated 
by irradiating different concentrations of nanobipyra-
mids solution with 808-nm continuous wave laser of 
power density 1 W/cm2 for 15 min, and then, the laser 
was turned off. The spot of the laser was adjusted 
to cover the whole sample. Pure water was used as 
a negative control. The change in temperature was 
recorded using thermocouple inserted into solution. 
The change in temperature of pure water upon laser 
irradiation was observed to be 3.3 °C. With increase 
in concentration of nanobipyramids from 25 to 
200 µg/mL, the change in temperature was recorded 
to be 6.3 to 17.1 °C within 15 min (Fig. 9a). This indi-
cates that nanobipyramids can efficiently convert the 
laser energy at 808-nm wavelength to thermal energy. 
Further, surface modification with mPEG-SH did not 
alter the conversion efficiency of nanobipyramids.

Fig. 8   Hemolytic profiling of target moiety functionalized nanobipyramids at a time interval of a 4 h and b 6 h
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The photothermal conversion efficiency (η) of 
nanobipyramids was calculated using Roper’s method 
as mentioned in the section. The η of nanobipyramids 
was calculated to be 14.59% (Supplementary file).

Photostability studies were carried out by irradiat-
ing the nanobipyramids with laser continuously for 9 
ON/OFF cycles. Nanobipyramids (Fig. 9b) exhibited 
excellent photostability up to 9 cycles with slight var-
iation in reaching the maximum temperature.

In vitro photoablation studies on MCF7 and HCT116 
cell lines

In vitro photoablation studies were carried out by 
irradiating cells for 15 min with laser after exposing 

the cells with different concentrations (50, 75, 100, 
and 125  µg/mL) of aptamer/antibody-conjugated 
nanobipyramids for 6  h. Finally, the cell death after 
laser treatment was determined by MTT assay. 
Binding buffer was used as vehicle control and cul-
ture medium as negative control. In comparison to 
nanostructure-treated cells, only laser-treated cells 
showed negligible cell death. Aptamer-conjugated 
nanobipyramids showed 52%, 55%, 65%, and 77% 
death at concentrations of 50, 75, 100, and 125  µg/
mL, respectively (Fig.  9c), whereas antibody-con-
jugated nanobipyramids showed 54%, 65%, 77.5%, 
and 85% of cell death at concentrations of 50, 75, 
100, and 125 µg/mL, respectively (Fig. 9d) on MCF7 
cell lines. From the above data, it was observed that 

Fig. 9   a Temperature change of different concentrations of 
nanobipyramids solution upon 808-nm wavelength laser irra-
diation for 15 min; b stability of nanobipyramid (200 µg/mL) 
laser irradiation for 9 ON/OFF cycles; in vitro targeted photoa-
blation studies on MCF7 and HCT116 cell lines irradiated with 
808-nm laser for a period of 15 min. c Cells treated with anti-

MUC1 Aptamer-GNBs for 6 h; d cells treated with anti-MUC1 
antibody-GNBs for 6  h. NC: negative control; VC: vehicle 
control. Statistical analysis compared within the group repre-
sents the p value, p = *** (< 0.0001), p = ** (< 0.001), p = * 
(< 0.01), p = ns (non-significant)
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aptamer-conjugated nanobipyramids exhibited more 
specific photoablation effect on MCF7 cell lines in 
comparison to antibody-conjugated nanobipyramids. 
Moreover, this data was in line with percentage cell 
death of MCF7 cell lines before and after laser irra-
diation (Fig. 10a, b).

Specifically targeted photoablation studies

To determine the percentage-specific cell death upon 
photoablation of MCF7 cell lines w.r.t. HCT116 
cell lines, the above data of photoablation studies 
on cell lines was reanalyzed using the formula. As 
observed in specific cytotoxicity of nanobipyramids, 
similar trend was observed for specific cell death for 

photoablation studies. In detail, aptamer-conjugated 
nanobipyramids showed greater specific photoabla-
tion (63%) in comparison to antibody-conjugated 
nanobipyramids (36%) (Fig.  10c). Furthermore, 
aptamer-conjugated nanobipyramids caused greater 
specific cell death of MCF7 cell lines both before 
and after photoablation in comparison to HCT116 
cell lines (Fig. 10a) than that of antibody-conjugated 
nanobipyramids (Fig. 10b).

The physicochemical properties of nanostructures 
determine their toxicity and light absorption proper-
ties. Hence, here in the present study, the effect of 
surface modification with different targeting moi-
eties on cytotoxicity and photoablation effect of 
gold nanobipyramids was explored on MCF7 cell 

Fig. 10   Histograms depicting % cell death of a aptamer-con-
jugated nanobipyramids and b antibody-conjugated nanobipy-
ramids on MCF7 cell lines and HCT116 cell lines before and 
after laser irradiation for 15  min; c histograms depicting % 
specific photoablation of aptamer and antibody against MUC1-

conjugated nanobipyramids on MCF7 cell lines w.r.t. HCT116 
cell lines treated for 6 h and laser irradiation for 15 min. Sta-
tistical analysis compared within the group represents the p 
value, p = *** (< 0.0001), p = ** (< 0.001), p = ns (non-signif-
icant)
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lines and HCT116 cell lines. The cytotoxicity stud-
ies were carried out using in  vitro MTT assay and 
correlated with ICP-MS data. Naive nanobipyramids 
exhibited linear increase in cytotoxicity with con-
centration and time of exposure towards both the cell 
lines. Furthermore, naïve nanobipyramids exhibited 
higher cytotoxicity (> 80%) on both the cell lines 
even at lower concentration and shorter exposure 
time of 2 h. There is a relative dearth of direct cyto-
toxicity assessment of gold nanobipyramids or their 
correlation with other gold nanoparticles. However, 
the results of the study were in accordance with pre-
vious studies conducted on other gold nanostruc-
tures. For instance, studies conducted by Carnovale 
group [17] and Tarantola group [18] demonstrated 
that gold nanostructures stabilized by CTAB exhib-
ited greater cytotoxicity on cells. Further, few stud-
ies reported that nanoparticles with small core size 
such as nanospheres, nanorods, and nanobipyramids 
exhibit comparatively higher cytotoxicity than that 
of nanoparticles with larger core size (nanostars, 
nanoflowers) [19, 20]. Hence, to reduce cytotoxicity 
and increase stability, nanobipyramids were surface 
functionalized with PEG [21, 22], and the cytotox-
icity was assessed. The cytotoxicity of PEGylated 
nanobipyramids was found to be greater than 40% at 
any concentration and shorter exposure time on both 
the cell lines. Though PEGylation decreased the 
cytotoxicity of nanobipyramids, yet it was greater 
than 60% at 24 h of exposure. Many studies reported 
negligible cytotoxicity of gold nanostructures upon 
surface functionalization with PEG [22, 23]. How-
ever, toxicity, cellular uptake, and biodistribution 
of PEGylated gold nanostructures are multifactorial 
and depend on molecular weight of PEG [21], ter-
minal group on PEG [23], loading density on nano-
structures, and conformation [24]. For instance, the 
study conducted by Uz et  al. (2016) showed that 
gold nanoparticles coated with PEG caused DNA 
damage and led to cell cycle arrest irrespective of 
loading density of PEG on CaCo2 and PC3 cancer 
cell lines. Furthermore, the study also demonstrated 
that PEGylated gold nanoparticles did not cause any 
DNA damage in 3T3 normal cell lines at a loading 
density of ~ 0.65 chains/nm2, whereas severe DNA 
damage was observed below and above this density 
[25].

Next, gold nanobipyramids were surface modified 
with anti-MUC1 aptamer and anti-MUC1 antibody 

to enhance the targeted delivery and further reduce 
the cytotoxicity. Irrespective of the nature of target-
ing moiety, cytotoxicity was greatly reduced at any 
concentration and exposure time w.r.t. naïve or PEG-
modified nanobipyramids. However, cytotoxicity was 
higher at 6-h treatment compared to 24-h treatments, 
and the % of intracellular gold determined using ICP-
MS at 6-h treatment was also higher at 75 µg/mL con-
centration compared to 125  µg/mL. It indicates that 
the cellular uptake decreases with higher concentra-
tion of aptamer/antibody-functionalized nanobipyra-
mids. Enea et al. (2019) [26] also reported a similar 
decrease in cellular uptake with increase in concen-
tration of gold nanoparticles which was attributed to 
agglomeration and internalization mechanism of nan-
oparticles. It was demonstrated and hypothesized that 
at lower concentrations, most of the nanoparticles 
remain as single particles and so penetrate the plasma 
membrane via passive diffusion faster, whereas, at 
high concentrations, nanoparticles tend to aggregate, 
and so, cellular internalization occurs through endo-
cytosis which is a time-taking process [27]. Hence, 
at lower concentrations, amount of accumulated 
nanoparticles within cells is more even for shorter 
exposure time periods (6  h) resulting in high cellu-
lar damage compared to longer exposure time (24 h). 
Furthermore, cells during logarithmic phase are more 
sensitive to xenobiotic compounds compared to cells 
at stationary phase [20].

It was observed that aptamer-conjugated nanobi-
pyramids exhibited more specific killing of MCF7 
cell lines compared to antibody-conjugated nano-
bipyramids (45%) at 125  µg/mL. This could be 
explained in context with ICP-MS data which showed 
higher internalization of aptamer-conjugated nanobi-
pyramids than antibody-conjugated nanobipyramids 
in MCF-7 cell lines. Though there were no stud-
ies on direct comparison of effect of targeting moi-
ety on specific killing of nanobipyramids, however, 
the individual studies w.r.t. other gold nanostructure  
are  available. The results of present study were in 
accordance with the recent study conducted by Kad-
khoda et al. [28] which reported the efficient specific 
damage of MUC1-positive cell lines by anti-MUC1 
aptamer-modified PEGylated gold nanoparticles. 
Similarly, Mahlknecht et  al. [29] compared the effi-
ciency of DNA aptamer and antibody against HER2 
marker and reported the greater ability of aptamer 
against antibody in reducing HER2-expressing tumor 
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growth in xenografted mice. The nonspecific internal-
ization into HCT116 cell lines and their cell damage 
indicates that nanobipyramids were probably getting 
internalized by passive approach rather than recep-
tor-mediated internalization. However, to establish 
this explanation, the mechanism of internalization 
and mechanism of cell killing may be investigated in 
futuristic studies.

The biocompatibility studies were carried out on 
human RBCs by determining percentage hemoly-
sis. Both aptamer and antibody-conjugated nanobi-
pyramids showed biocompatibility towards RBCs at 
higher concentration (125 µg/mL) and exposure time 
(4, 6 h). Furthermore, percentage hemolysis of either 
of the surface-modified nanobipyramids was below 
the limits of ASTM. These results were in accordance 
with other studies [30] which demonstrate that gold 
nanoparticles (20 µM) either coated or uncoated with 
plasma proteins caused no significant hemolysis at an 
exposure time of 4 h. Another study showed that sur-
face modification of gold nanobipyramids with hyalu-
ronic acid reduced the percentage hemolysis to below 
1.2% from 60% (before surface modification) [11].

Later, photothermal conversion efficiency of nano-
bipyramids was calculated to be 14.59% and found 
to be photostable upto 9 cycles. Previous studies 
reported photothermal conversion efficiency of gold 
nanobipyramids about 71% [9], 40–97% based on 
excitation wavelength [31], and 42% [32] which was 
comparatively higher than that of the calculated value 
in the present study. The reason for low photothermal 
conversion efficiency might be due to the laser sys-
tem chosen for the photothermal treatment. Inspite of 
low photothermal conversion efficiency, the change in 
temperature of the solution was recorded to be 14 °C 
and 17 °C at 125 µg/mL and 200 µg/mL, respectively, 
and temperature reached to 45  °C which is an opti-
mum temperature to damage cancerous cells [33, 
34]. Zhang and group [35] demonstrated the impor-
tance of optimum temperature and mechanism of 
cell damage for efficient photoablation of cancerous 
cells. The study reported that cell damage was inef-
ficient (10.2% of apoptosis, 18.3% of necroptosis, and 
17.6% of necrosis) at temperatures < 43  °C, whereas 
at 49 °C, necrosis was observed to be dominant, and 
at 46  °C, the cell death (35.1%) was due to necrop-
tosis. Gold nanobipyramids exhibited excellent pho-
tostability upto 9 cycles which is comparable to data 
reported by previous studies [9, 36]. Finally, in vitro 

photoablation studies showed that nanobipyramids 
exhibited specific MCF7 cell death compared to 
HCT116 cell death before and after laser irradiation 
irrespective of targeting moiety. Photoablation stud-
ies conducted by Feng and group showed that 808-nm 
laser irradiation of folic acid-conjugated gold nano-
bipyramids reduced the cell viability to 6.44% [10]. 
With respect to targeting moiety, aptamer conjugation 
lead to more specific and higher cell death of MCF7 
cell lines in comparison with antibody conjugation.

Conclusion

Gold nanobipyramids have been emerging as one 
of the cutting edge among other gold nanostruc-
tures because of their sharp edges and excellent light 
absorption capacity. Here, in the present study, pho-
tothermal properties of gold nanobipyramids and 
cell killing ability of anti-MUC1 aptamer/antibody-
conjugated gold nanobipyramids were studied on 
breast cancer cell lines. The studies showed that naïve 
gold nanobipyramids and PEGylated nanobipyramids 
exhibited greater cell damage (< 80% even at lower 
exposure time intervals) towards both MCF7 cell 
lines and HCT116 cell lines. However, percentage 
cytotoxicity was significantly reduced after modifica-
tion with aptamer and antibody. Comparative analy-
sis showed that aptamer-conjugated nanobipyramids 
exhibited higher specific cell killing towards MCF7 
cell lines compared to antibody-conjugated nanobipy-
ramids which is line with cellular uptake studies. The 
photothermal conversion efficiency was calculated 
as 14.59% and showed photostability upto 9 cycles 
under 808-nm continuous wave laser irradiation. 
In vitro photo ablation studies revealed that aptamer-
conjugated nanobipyramids were more specific in 
ablating MCF7 cell lines than that of antibody-conju-
gated nanobipyramids. However, further studies were 
to be carried out to investigate the detail mechanism 
underlying the cell death before and after laser irra-
diation and the effect of targeting moiety on cytotox-
icity. The study could be advantageous in the devel-
opment of specifically targeted photoablating gold 
nanostructures and their in vivo applications.
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