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Introduction

Gold nanopart ic les  (Au NPs)  and pept ide-based 
nanostructures have been receiving significant attention 
over the past decade due to their potential applications in 

catalysis, chemical sensing, electronics, optics, sensors and 

biomedical applications (1-4). Particularly, monolayer-

protected Au NPs using thiolated compounds to stabilize 

Au NPs have been gaining popularity for delivering various 
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therapeutic agents such as drugs, proteins, and nucleic acids 
into their targets (5-7). Several types of Au NP conjugates 
have now been prepared for potential drug delivery 
applications. For example, Corbierre et al. (8) has recently 
reported polystyrene-functionalized Au NPs by the covalent 
attachment of thiol-terminated polystyrene prepared by 
anionic polymerization. Synthesis of Au NPs with tetra 
(ethylene glycol) ylated cationic ligands, fluorogenic 
ligands as well as polycaprolactone-methoxy poly (ethylene 
glycol) has also been carried out for the development of 
drug delivery systems (9,10). In a separate study, NP-
polymer transfection vectors have been synthesized as 
well (11,12). While Au NPs provide a versatile platform 
for the preparation of drug delivery devices, peptide based 
nanotubes self-assembled from peptide bolaamphiphiles 
(amino acid head groups covalently bound via hydrocarbon 
chain), exhibit several properties that make them promising 
biomaterial candidates, including facile self-assembly in 
aqueous solutions and adaptability to functionalization 
for increased biocompatibility (13-20). Furthermore, the 
peptide head groups can be readily modified in order to 
manipulate and potentially alter the properties of the self-
assembled micro- and nanostructures. Although many 
applications related to peptide-based nanotubes have been 
investigated (21-25), the immense potential of peptide 
nanotubes as drug delivery devices is yet to be fully tapped.

The objective of this manuscript is to evaluate if nano-
formulation of Tunicamycin would enhance its efficacy. 
The rational is that nano-structure particles will evade the 
immune system’s clearing mechanisms long enough to reach 
the targeted disease tissue efficiently. Tunicamycin (a Mr840 
dalton glucosamine-containing pyrimidine nucleoside and a 
biologic), a competitive inhibitor of N-acetylglucosaminyl 
1-phosphate transferase (GPT) has recently been shown to 
inhibit (I) angiogenesis in vitro and in vivo; (II) the breast 
tumor microvasculature; and (III) prevent the breast tumor 
progression in athymic nude mice (26). Tunicamycin was 
effective in treating indiscriminately the double- and triple-
negative breast tumors. The effect is mediated by “ER 
stress” followed by developing unfolded protein response (upr) 
in tumor microvasculature and induction of apoptosis.

Breast cancer is a multi-factorial disease which 
depends not only on the genetic makeup but also on the 
metabolomic profile of the individual as well as on the 
environment. A great diversity in breast cancer incidence 
rate suggests both endogenous and exogenous factors 
contribute to the development and progression of the 
disease. The etiology of the disease is complex, but this 

hyperproliferative disorder is angiogenesis dependent 
(27-31). The “angiogenic switch” (32) is therefore a critical 
process in which the dynamic balance between pro- and 
anti-angiogenic factors is shifted to the former by conditions 
created by the tumor and its microenvironment, including 
hypoxia, inflammation, and mutation in oncogenes or 
tumor suppressor genes, such as p53. Commonly known 
pro-angiogenic factors are vascular endothelial growth 
factor (VEGF), basic fibroblast growth factor (FGF-2), 
epidermal growth factor (EGF), platelet-derived growth 
factor (PDGF), placental growth factor (PIGF), and matrix 
metalloproteinases (MMPs). Endogenous anti-angiogenic 
factors include thrombospondin (TSP-1), angiostatin, 
tumstatin, and endostatin (33,34).

The prognosis of breast cancer depends upon the stage 
at diagnosis. Each year, breast cancer is diagnosed in over 
one million women worldwide, with a survival rate of 
approximately 400,000 women (35). The breast cancer 
statistics for 2013 indicates the following in the United 
States: 232,400 new cases of invasive breast cancer, 64,640 
new cases of carcinoma in situ (CIS; non-invasive), and 
nearly 39,620 deaths.

Normal vasculature is quiescent in healthy adults with 
each endothelial cell dividing once every 10 years. In 
contrast, tissue remodeling and angiogenesis are crucial 
for the growth and metastasis of breast cancer, providing 
an attractive therapeutic target (36). Treatment strategies 
therefore include either (I) targeting angiogenesis with 
endothelial toxins, growth factor antagonists, protease 
inhibitors, endogenous anti-angiogenics, anti-angiogenic 
chemotherapy; or (II) other targets.

Several lines of evidence now indicate that N-linked 
glycoproteins play an important role in capil lary 
endothelial cell proliferation and differentiation (37-45). 
Deoxymannojirimycin (an inhibitor of hybrid and complex-
type N-glycans), inhibited the formation of capillary tubes 
when tested in vitro by plating capillary endothelial cells 
on fibronectin-coated dishes. In contrast, swainsonine (an 
inhibitor of complex- but not hybrid-type N-glycans), did 
not inhibit tube formation.

In this study, we have tested various nano-formulations 
of Tunicamycin (e.g., nanoparticles, bound to Au NPs, 
encapsulated in peptide nanotubes containing threonine 
moieties, etc.) as an alternative drug delivery device for 
breast cancer glycotherapy. The reason being certain drug 
such as doxorubicin (DXR) has been found to be more 
effective when conjugated to hydrophilic nanoparticles 
that penetrate more deeply into the cell than the drugs 
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alone (46). The nano-formulations of Tunicamycin are not 
only developed for the first time here but they have been 
studied for the first time as well. The expectation is that 
nano-formulated Tunicamycin will have the potential to 
enhance the efficacy of the drug, due to the high surface 
to volume ratio of the nanomaterials. The conjugation of 
Tunicamycin to Au NPs as well as the peptide nanotubes 
was confirmed by Fourier Transformation Infrared (FTIR) 
spectroscopy, absorbance spectroscopy, transmission 
electron microscopy (TEM), and atomic force microscopy 
(AFM). Decreased viability of capillary endothelial 
cells by these nano-formulations was confirmed by the 
3-(4,5-methylthiazol-2-yl)-2,5-dipheyl-tetrazolium 
bromide (MTT) assay. Down-regulation of CDK4 and 
phospho-Rb (Ser249/Thr252) expression indicated slowing 
down of the cell cycle in G1. On the other hand, up-
regulated expression of GRP-78 and those of its down-
stream transducers IRE-1 and PERK/phospo-PERK 
not only confirmed the presence of “ER stress” but also 
the activation of the upr-mediated cellular event. In fact, 
translational attenuation of mannosylphospho dolichol 
synthase (DPMS) indeed confirmed the activation of upr-
signaling. Down-regulation of caspase-9 and caspase-3 
in cells treated with nano-formulated Tunicamycin may 
suggest a deviation from the central dogma of upr-signaling, 
whereas the “ER stress”-induced upr-mediated cell death 
suggests the presence of a non-canonical pathway.

Materials and methods

Materials-Hydroxyurea, dimethylsulfoxide (DMSO), 
nystatin, anti-phosphoserine monoclonal antibody, 
ethylenediamine tetra acetic acid (EDTA, sodium salt), 
Tunicamycin, MTT, and antibody to β-actin (mouse 
monoclonal) were obtained from Sigma Aldrich (St. Louis, 
MO). Rabbit polyclonal antibody for GRP-78 was from 
Santa Cruz Biotechnology (Santa Cruz, CA). Anti-IRE1 
(rabbit polyclonal) antibody, and antibody to phospho 
PERK were from Abcam (Cambridge, MA); antibodies to 
p53, phospho p53 (ser392), cyclin D1, and CDK4 were 
from BD Bioscience, (San Jose, CA). Anti-caspase 3 & 9 
(mouse monoclonal) and anti-phospho-Rb (Ser249/Thr252; 
mouse monoclonal) antibodies were from Oncogene (San 
Diego, CA). Anti-Rb (mouse monoclonal) antibody was 
from EMD Biosciences (La Jolla, CA). HRP-conjugated 
goat anti-rabbit IgG/anti-mouse IgG, streptavidin and ECL 
chemiluminescence detection kit were from GE Healthcare 
(Piscataway, NJ). Biotinylated protein molecular weight 

markers and all electrophoresis reagents were obtained from 
Bio-Rad Laboratories (Hercules, CA). All other chemicals 
and solvents used were of the highest purity available. 
The cell culture wares were from Sarstedt (Newton, NC) 
and fetal bovine serum was purchased from HyClone 
Laboratories (Logan, UT). The nanoparticles of various 
sizes were either synthesized in the laboratory or purchased 
from Electron Microscopy Sciences (Hatfield, PA).

Synthesis and self-assembly of nanotubes

The bolaamphiphile bis (N-α-amido-threonine) 1,3-propane 
dicarboxylate contains threonine head groups, which are 
connected by a propyl carbon chain and was synthesized 
according to previously established methods (16). The 
intermediate obtained was washed with cold citric acid 
and sodium bicarbonate and recrystallized from dimethyl 
formamide (DMF). The product obtained was washed 
with cold acetone, and recrystallized from methanol. 
Individual stock solutions (8 mM) of the bis (N-alpha-
amido-threonine)-1,3 propane dicarboxylate monomers 
were prepared in buffer solution of pH 5. In general, the 
materials were allowed to self-assemble for 7-10 days. 
Aggregates of nanotubular assemblies formed were then 
washed in nanopure water, followed by sonication for 30 min. 
The sizes and morphologies of the structures formed 
were examined by TEM, SEM, and AFM. The formed 
nanotubes were then used for binding to Tunicamycin 
either by adsorption or by covalent binding between the 
carboxyl groups of the nanotubes and the –OH groups 
of Tunicamycin. The attachment of Tunicamycin to the 
microtubes was confirmed by FTIR spectroscopy, TEM, 
and absorbance spectroscopy.

Attachment of Tunicamycin to the self-assembled 
nanotubes

The self-assembled nanotubes possess free carboxylic 
groups, which can be chemically modified. For binding 
Tunicamycin to the nanotubes, we conducted a selective 
esterification reaction between the primary alcohol group 
of Tunicamycin and the carboxylic acid groups of the 
nanotubes. Selective esterification of primary alcohols in the 
presence of secondary alcohols requires the use of specific 
catalytic agents. It has been shown that the use of catalysts 
such as Hf(IV)4 or Zr(IV)4 salts or 2,4,6-Trimethylpyridine 
have been efficient in selective esterification of primary 
alcohols (47-49), primarily due to the difference in the 
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reactivity of the primary and secondary alcohol groups. 
Tunicamycin possesses a single primary alcohol group and 
seven secondary alcohol groups. In order to selectively 
bind the primary alcohol group of Tunicamycin to the 
nanotubes, without causing any major change to the other 
functional groups, the nanotubes were first dried at 50 ℃ 
overnight under nitrogen to remove any residual water. The 
dried nanotubes were then treated with thionyl chloride in 
the presence of triethylamine to convert the carboxyl acid 
groups to the corresponding acid chlorides. The product 
obtained was centrifuged. The nanotubes were then allowed 
to react with Tunicamycin (1.0 mmol) in the presence of 
2,4,6-Trimethylpyridine (1.5 eq) in DMSO for 2 hours at 
20 ℃. The formed products were centrifuged and washed 
thoroughly with nanopure water to remove any unreacted 
excess reagents. The esterified product was confirmed by 
FTIR spectroscopy for the formation of functionalized 
nanotubes.

Encapsulation of Tunicamycin within threonine based 
peptide nanotubes

The incorporation of Tunicamycin into the nanotubes 
was examined by incubating the drug with the nanotubes. 
Since, the threonine nanotubes possess free hydroxyl and 
carborxylic acid groups, it was expected that threonine 
nanotubes would interact with Tunicamycin via strong 
hydrogen bonding. Tunicamycin was encapsulated into 
nanotubes by incubating the drug with the nanotubes at 4 ℃ 
for 48 hours under mild agitation. The samples were then 
washed and centrifuged to remove the excess Tunicamycin 
not incorporated. The incorporation of Tunicamycin was 
confirmed by TEM and FTIR analyses.

Conjugation of Au  NPs to Tunicamycin

The Au NPs (20 or 50 nm) were incubated with reduced 
lipoic acid, thus functionalizing the nanoparticles with the 
thiol groups, while the carboxylic groups would be free 
to react. The nanoparticles of various sizes were either 
synthesized in the laboratory (50) or purchased from 
Electron Microscopy Sciences. The nanoparticles were 
allowed to react with reduced lipoic acid in nanopure 
water for 24 hours at 4 ℃ under mild agitation and 
under nitrogen. The nanoparticles were then washed 
and centrifuged to remove any unbound lipoic acid. The 
incorporation of lipoic acid was confirmed by the shift in 
the absorbance spectrum observed for the nanoparticles. 

The functionalized nanoparticles were then treated with 
Tunicamycin in the presence of 2,4,6-Trimethylpyridine 
(1.5 eq) in DMSO for 3 hours at 20 ℃, washed, centrifuged, 
and dialyzed using snake skin dialysis tubing to remove any 
unreacted products. The incorporation of Tunicamycin to 
the nanoparticles was confirmed by TEM.

Culturing of capillary endothelial cells

The capillary endothelial cells were from the laboratory 
stock of a non-transformed endothelial cell line from 
bovine adrenal medulla and maintained as previously 
described (51). Synchronized (45,52) cultures were treated 
with Tunicamycin nanoparticles (1 µg/mL) for 1 h in 
EMEM containing 2% fetal bovine serum (heat-inactivated) 
unless mentioned otherwise. To synchronize, the cells were 
seeded in EMEM containing 10% fetal bovine serum and 
antibiotic mixture (penicillin/streptomycin/fungizone/
nystatin) for 24 hours at 37 ℃ in a humidified CO2 
incubator (5% CO2 and 95% air). At the end, the media 
were removed; The cells were washed three times with PBS, 
pH 7.2 and incubated for 48 hours in serum-free EMEM 
with one-third amount of antibiotic mixture containing 2 mM 
hydroxyurea. After 48 hours, the media were removed, 
cells were washed three times with PBS, pH 7.2, and re-
incubated in serum-free EMEM with one-third amount of 
antibiotic mixture for an additional 24 hours. The media 
were removed, the cells were washed ones with PBS, 
pH 7.2 and incubated with Tunicamycin nanoparticles 
in EMEM containing 2% fetal bovine serum (heat-
inactivated). FACS analysis of the synchronized capillary 
endothelial cells has been published earlier and the details 
can be found in ref. (45).

Assessment of cell viability

The capillary endothelial cells (1×104/well) were grown in 
96 well plates in EMEM supplemented with 10% FBS for 
24 hours. After synchronization, cells were treated with 
no Tunicamycin (control), or native Tunicamycin, or with 
Tunicamycin nanoparticles (conjugated to 20 or 50 nm 
gold particles) for 1 h at 37 ℃ in 100 μL EMEM containing 
2% fetal bovine serum. The cell viability was measured 
by MTT assay (53). Briefly, at the end of the incubation, 
the media were removed and the cells were incubated 
with MTT (100 μg in 20 μL EMEM with 2% fetal bovine 
serum) for 3 h at 37 ℃. Media were removed and 100 μL 
DMSO was added to each well. Absorbance of solubilized 
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formazan formed intracellularly was measured at 595 nm 
using an ELISA reader (Model 250; Bio-Rad Laboratories, 
Hercules, CA).

SDS-PAGE and western blot analyses

Performed as before (26,54,55) with 7.5% gel concentration.

Statistical analysis

The statistical analysis was carried out with Graph Pad 
Prism 4 software (Graph Pad Software Inc., San Diego, 
CA). Quantitative data are presented as mean plus S.E. The 
mean ± S.E. was calculated by one-way analysis of variance 
(ANOVA). Significance between groups was further 
analyzed using the post hoc Tukey’s test.

Results

Synthesis of Au NPs conjugated to Tunicamycin

Au NPs were synthesized by using wet  chemical 
methods (50). The average diameter of the Au NPs used 
for functionalization with Tunicamycin was 20 nm. The 
scheme for attachment of Tunicamycin to the Au NPs is 
shown in Figure 1.

To functionalize the surface of the Au NPs, lipoic acid 
was first covalently bound to the nanoparticles and then 
treated with Tunicamycin. Figure 2A explains that there has 
been a shift in the absorbance from 515 to 524 nm upon 
binding to lipoic acid. Furthermore, FTIR spectroscopy 
indicates that upon treatment with Tunicamycin, there are 
two distinct peaks at 560 and 619 nm, respectively. A red 
shift to 560 nm indicates the attachment of Tunicamycin, 
while the peak at 619 nm is most likely due to the presence 
of aggregates formed during the reaction process (Figure 
2B). Dynamic Light Scattering Studies of Au nanoparticles 
indicate that the Au NPs bound to Tunicamycin are 
indeed of 20 and 50 nm, respectively (Figure 2C). TEM 
has provided the morphology of various Tunicamycin 
nanoparticles, viz., Tunicamycin encapsulated in peptide 
nanotubes, bound of Au NPs to tubes and Tunicamycin, Au 
NPs bound to Tunicamycin nanotubes, etc. (Figure 2D).

Effect of Tunicamycin nanoparticles on cell viability

Synchronized capillary endothelial cells were incubated 
either with native Tunicamycin (1 μg/mL) or with 1 μg/mL 
of Tunicamycin nanoparticles for 1 h at 37 ℃ in a CO2 
incubator (5% CO2 and 95% air) in 96-well microtiter 
plates. At the end, the plates were processed for the MTT 

Figure 1

Au

Au

Au

Figure 1 A scheme for preparing gold nanoparticles conjugated to Tunicamycin
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Assay. The results (Figure 3A) indicate that the cell viability 
was reduced to almost 50% (P<0.001) when treated with 
Tunicamycin conjugated to 20 or 50 nm gold particles. 
Native Tunicamycin under similar condition had no effect. 
Importantly, both Tunicamycin nanotubes and nanoparticles 
were equally effective.

Tunicamycin nanoparticles inhibit cell cycle progression

To evaluate the biochemical pathway(s) the Tunicamycin 
nanoparticles likely to interfere, we have analyzed their 
effect on the cell cycle progression. We have focused 

primarily on the D-type cyclins and their kinase partners, 
i.e., CDKs along with the Rb, a transcriptional initiator. 
Expression of cyclin D1, its catalytic partner, CDK4 and Rb 
was analyzed by western blotting. The expression of cyclin 
D1 was enhanced in cells treated with all nano-formulated 
Tunicamycin, and the native Tunicamycin (Figure 3B).  
On the other hand, the CDK4 expression was down 
regulated in all except in native Tunicamycin and 
Tunicamycin encapsulated nanotubes (Figure 3B). The 
logical conclusion is Tunicamycin impacted negatively on 
the cell cycle progression and most likely has caused a cell 
cycle arrest in G1. 

Figure 2 Characterization of functionalized Tunicamycin nanoparticles. A. Absorbance spectra of gold + lipoic acid + Tunicamycin (red, 
bottom); Gold nanoparticles (magenta, top); and Gold + lipoic acid (green, middle); B. Dynamic light scatting of nanoparticles; 20 nm 
nanaoparticle (left) and 50 nm nanoparticles (right); C. FTIR spectra of nanoparticles; Tunicamycin + lipoic acid + nanoparticles (top), 
Lipoic acid + Gold nanoparticles (middle), and Tunicamycin (bottom); D. TEM on Tunicamycin nanoformulations; from left to right—
Tunicamycin encapsulated in peptide nanotubes, Gold nanoparticles with tube and Tunicamycin, only Gold nanoparticles with Tunicamycin, 
and Tunicamycin non-covalently bound to nanotubes
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Figure 3 Cell viability and cell cycle progression after treating with native and Tunicamycin nanoparticles. A. Synchronized culture of 
capillary endothelial cells was incubated with native or Tunicamycin nanoparticles (1 μg/mL) for 1 h at 37 ℃ in a CO2 incubator (5% CO2 

and 95% air) in 96-well microtiter plates. Cell viability was measured by MTT assay as described in Materials and Methods. Values are 
the mean ± S.E. from 3 independent experiments. P<0.001 over the untreated control; B. Top, Cyclin D1 and CDK4 protein expression in 
capillary endothelial cells were examined by immunoblotting (40 μg of total protein) from untreated cells (control) and the cells treated with 
native or nano-formulated Tunicamycin for 1 h at 37 ℃ in a CO2 incubator. The blots were developed with an anti-Cyclin D1 and anti-
CDK4 antibodies (1:1,000; v/v). β-Actin (1:5,000; v/v) was used as a loading control. Histograms (immediately below) represent quantification 
of cyclin D1 and CDK4 protein expression as measured by Image J software. The results are an average from three blots done independently; 
C. Left, Phospho p53 (ser392) and total p53 proteins expression by immunoblotting (40 μg of total protein from control cells and cells 
treated with native or nan-formulated Tunicamycin for 1h at 37 ℃). The blot was developed with anti-phospho p53 (ser392) antibody (1:1,000; 
v/v), anti-p53 antibody (1:1,000; v/v) and anti-β-actin antibody (1:5,000; v/v). Right, histograms representing quantification of the phospho 
p53 (ser392) and total p53 proteins expression as measured by Image J software. *, P<0.001; **, P<0.0001
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Table 1 Ratio of phospho p53 to total p53. The ratios are calculated from the values in Figure 3C. The results are expressed as mean ± SE

Sample Total p53 Phospho p53 Ratio (phospho p53/total p53)

Control 22.30±2.05 22.30±2.05 1.00±0.00

Native Tunicamycin 22.66±1.70 23.60±1.24 1.04±0.01

Tunicamycin encapsulated nanotubes 20.66±3.40 20.66±3.40 1.00±0.00

50 nm Tunicamycin nanoparticle 20.00±2.40 11.66±2.50 0.58±0.04

3-100 nm Tunicamycin gold nanoparticles 20.00±2.40 2.30±0.94 0.12±0.02

Tunicamycin nanotubes 20.33±2.05 4.60±2.50 0.23±0.08

5-20 nm Tunicamycin gold nanotubes 22.00±2.50 1.50±0.40 0.07±0.01

5-20 nm Tunicamycin gold nanoparticles 22.00±2.50 3.60±0.94 0.16±0.02

7-50 nm Tunicamycin gold nanoparticles 20.33±1.24 13.33±1.70 0.65±0.03

p53 is a transcription factor and often considered as the 
gate keeper for the cell cycle. Upon phosphorylation, p53 
migrates to the nucleus and activates gene transcription. 
When analyzed by western blotting, the expression of 
phosphorylated p53 (i.e., phosphorylated in serine-392; 
p53pser392) was enhanced in cells treated with native 
Tunicamycin and Tunicamycin encapsulated nanotubes 
over the untreated control (Figure 3C). p53pser392 expression 
however was reduced ~50% in cells treated with 50 nm 
Tunicamycin nanoparticles, and 50 nm gold bound to 
Tunicamycin. The expression was much more reduced 

in cells treated with 100 nm gold bound to Tunicamycin, 
Tunicamycin nanotubes, 20 nm gold bound to Tunicamycin 
nanotubes and 20 nm gold bound to Tunicamycin, 
respectively. Total p53 was upregulated only in cells 
treated with either native Tunicamycin, or with 5-20 nm 
Tunicamycin gold nanotubes, or with 5-20 nm Tunicamycin 
gold nanoparticles (P<0.001). In all other cases, total 
p53 was down regulated non-significantly. If the ratio of 
phospho-p53 to total p53 is ~1.0 in native Tunicamycin 
treated cells then it is ~0.1-0.2 in cells treated with 5-20 nm  
Tunicamycin gold nanotubes, 3-100 nm Tunicamycin 
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Figure 4 Expression of total Rb and pPhospho-Rb after treating capillary endothelail cells with native and Tunicamycin nanoparticles. 
Synchronized culture of capillary endothelial cells was incubated with native or Tunicamycin nanoparticles (1 μg/mL) for 1 h at 37 ℃ in 
a CO2 incubator (5% CO2 and 95% air). Left, Phospho Rb (ser249/thr252) and total Rb proteins expression by immunoblotting (40 μg of 
total protein from control cells and cells treated with native or nano-formulated Tunicamycin for 1 h at 37 ℃). The blot was developed with 
anti-phospho Rb (ser249/thr252) antibody (1:1,000; v/v), anti-Rb antibody (1:1,000; v/v) and anti-β-actin antibody (1:5,000; v/v). Right, 
histograms representing quantification of the phospho Rb (ser249/thr252) and total Rb proteins expression as measured by Image J software. 
The results are an average from three blots done independently *, P<0.001; **, P<0.0001
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gold nanoparticles, Tunicamycin nanotubes, and 5-20 nm 
Tunicamycin gold nanoparticles, respectively. All others are 
in-between these values (Figure 3C, Table 1). It is therefore, 
concluded that nano-formulation of Tunicamycin inhibits 
phosphorylation of p53, which in turn may inhibit its 
translocation to the nucleus and gene transcription.  

To evaluate if there is indeed a cell cycle inhibition we 
monitored the status of Rb, a cell cycle inhibitor protein. 
We have analyzed the expression of both total and phospho-
Rb (Rb/pRb) by western blotting in cells treated with nano-
formulated Tunicamycin. The results in Figure 4 explain 
that total Rb is down regulated (P<0.001) in cells treated 
with Tunicamycin encapsulated nanotubes, 3-100 nm 
Tunicamycin gold nanoparticles, and with Tunicamycin 
nanotubes. All other cases including the native Tunicamycin 
the changes were none or bare minimal. This was however 
different with the phospho-Rb (Ser249/Thr252) expression. 
In most cases the expression was reduced significantly 
(P<0.0001). The ratio of phospho-Rb to total Rb was 
reduced by ~34.4% to 64.2% (Table 2). This reduction was 
only 20% in cells treated with native Tunicamycin.

Tunicamycin Au NPs accelerate “ER stress”

It has been shown before that native Tunicamycin induces 
“ER stress” in capillary endothelial cells when treated for as 
early as 3 hours. We then compared the development of “ER 
stress” in a synchronized population of capillary endothelial 
cells treated with various nano-formulated Tunicamycin 
and native Tunicamycin just for 1 h. We have analyzed the 
GRP-78/Bip expression by western blotting as a quantitative 
measure of “ER stress”. Our results indicate that GRP-78/
Bip expression was down regulated by ~28% in cells treated 
with native Tunicamycin, i.e., no detectable “ER stress”. The 

effect of 20 nm gold bound to Tunicamycin nanotubes was 
neutral. On the other hand, the GRP-78/Bip expression was 
increased by ~126-186% in cells treated with Tunicamycin 
nanotubes, and 20 or 50 nm gold bound to Tunicamycin, 
respectively over the control (Figure 5A).

Tunicamycin Au NPs activates upr signaling

It has been observed recently that Tunicamycin inhibits 
angiogenesis in vitro and in vivo, and prevents the breast 
cancer progression in athymic nude mice by inducing 
“ER stress” in tumor microvasculature as well as in tumor 
cells (26). The above results support convincingly that 
Tunicamycin in its nano-formulation is highly active 
in inhibiting in vitro angiogenesis by blocking the cell 
cycle progression, and inducing the “ER stress”. Since, 
uncontrolled “ER stress” activates the upr signaling by 
attenuating the transcription and translation through 
IRE-1, ATF6/ATF4 (both are transcriptional attenuators) 
and PERK (a translational attenuator), we have analyzed 
here the expression of IRE-1 and PERK/phospho-PERK. 
The results (Figure 5B) indicate that the nano-formulation 
of Tunicamycin did not affect the expression of IRE-1. On 
the other hand, the PERK phosphorylation was activated 
significantly (P<0.0001) in cells treated with 3-100 nm gold 
Tunicamycin nanoparticles to 7-50 nm Tunicamycin Au 
NPs. Native Tunicamycin had no effect. The expression 
of total PERK however was increased in cells treated with 
native Tunicamycin, 50 nm Tunicamycin nanoparticles, 
3-100 nm Tunicamycin gold nanoparicles, 5-20 nm 
Tunicamycin gold nanotubes, and 7-50 nm Tunicamycin Au 
NPs (Figure 5C). Interestingly, the ratio of phospho-PERK 
to total PERK revealed an increase of ~32.2% to 340.7% in 
all nano-formualted Tunicamycin used here (Table 3). The 

Table 2 Ratio of phospho Rb to total Rb. The ratios are calculated from the values in Figure 4. The results are expressed as mean ± SE

Sample Total Rb Phospho Rb Ratio (phospho Rb/total Rb)

Control 8.76±0.71 10.53±0.21 1.20±0.06

Native Tunicamycin 8.33±0.50 8.03±0.21 0.96±0.03

Tunicamycin encapsulated nanotubes 7.33±0.37 4.13±0.26 0.56±0.01

50 nm Tunicamycin nanoparticle 9.20±0.29 4.73±0.21 0.51±0.00

3-100 nm Tunicamycin gold nanoparticles 7.73±0.25 4.27±0.21 0.55±0.01

Tunicamycin nanotubes 7.47±0.25 5.93±0.33 0.79±0.01

5-20 nm Tunicamycin gold nanotubes 9.30±0.29 6.27±0.21 0.67±0.00

5-20 nm Tunicamycin gold nanoparticles 9.57±0.33 4.13±0.26 0.43±0.01

7-50 nm Tunicamycin gold nanoparticles 9.50±0.24 5.07±0.09 0.53±0.00
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only exception however was the native Tunicamycin which 
exhibited ~18.6% reduction.

Tunicamycin Au NPs down-regulate DPMS expression

DPMS is an obligatory requirement for the synthesis of 
lipid-linked oligosaccharide (LLO; i.e., Glc3Man9GlcNAc2-

PP-Dol), a pre-requisite for N-glycosylation (56,57). It 
is also an activator of GPT, the enzyme competitively 
inhibited by Tunicamycin (58) while DPMS itself is 
activated by phosphorylation (59). Furthermore, DPMS 
overexpression enhances capillary endothelial cell 
proliferation and accelerates the angiogenic process (55). 
Additionally, there is a cross-talk between the DPMS and 

Figure 5 Monitoring the “ER stress” and unfolded protein response. A. GRP-78 protein expression in capillary endothelial cell was 
examined by immunoblotting (40 μg of total protein) from control and cells treated with native or nano-formulated Tunicamycin for 1 h 
at 37 ℃ in a CO2 incubator. The blots were developed with anti-GRP-78 antibody (1:1,000; v/v) and anti-β-actin antibody (1:5,000; v/v). 
Right, histogram representing quantification of the GRP-78 protein expression as measured by Image J software. The results are an average 
from three blots done independently; B. IRE-1 expression; C. Total and phospho PERK proteins expression. The protein expressions 
were analyzed by western blotting using anti-IRE-1 (1:1,000; v/v), anti-PERK (total; 1:1,000; v/v) and anti-phospho PERK (1:1,000; v/v)  
antibodies. Quantification of IRE-1 (B-right panel), and total and phospho PERK (C-right panels) was made by densitometer scanning 
(arbitrary unit) of the western blots. The results are an average from three representative blots for each experiment. *, P<0.001; **, P<0.0001

A

B
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Figure 6 DPMS status in cells treated with native and Tunicamycin nanoparticles and expression of caspase-9 and caspase-3. Synchronized 
capillary endothelial cells were treated with native or Tunicamycin nanoparticles (1 μg/mL) for 1 h at 37 ℃ in a CO2 incubator. A. Left: 
DPMS protein expression was examined by immunoblotting (40 μg of total protein) with a rabbit polyclonal (in house) antibody (1:1,000; 
v/v). Mouse monoclonal β-Actin antibody (1:5,000; v/v) was a loading control. Right: Histogram representing quantification of the DPMS 
protein expression as measured by Image J software; B. Left: Caspase-9 and Caspase-3 expression. The protein expression was analyzed by 
western blotting using anti-caspase 9 (1:1,000; v/v) and anti-caspase 3 (1:1,000; v/v) antibodies. β-actin was a loading control. Quantification 
of Casape-9 (B-middle panel), and Caspase-3 (B-right panel) was made by densitometer scanning (arbitrary unit) of the western blots. The 
results are an average from three representative blots for each experiment. (b) *, P<0.001; **, P<0.0001 

Table 3 Ratio of phospho PERK to total PERK. The ratios are calculated from the values in Figure 5C. The results are expressed as mean ± SE

Sample Total PERK Phospho PERK Ratio (phospho PERK/total PERK)

Control 21.00±0.81 12.33±1.24 0.59±0.03

Native Tunicamycin 22.33±0.47 10.66±1.24 0.48±0.04

Tunicamycin encapsulated nanotubes 19.66±0.47 15.33±1.24 0.78±0.04

50 nm Tunicamycin nanoparticle 22.66±1.24 20.66±1.69 0.91±0.02

3-100 nm Tunicamycin gold nanoparticles 21.33±1.24 22.33±1.69 1.04±0.02

Tunicamycin nanotubes 20.50±0.40 23.00±0.81 1.12±0.01

5-20 nm Tunicamycin gold nanotubes 21.00±0.81 24.80±0.62 1.18±0.01

5-20 nm Tunicamycin gold nanoparticles 9.60±1.24 25.00±0.81 2.60±0.21

7-50 nm Tunicamycin gold nanoparticles 21.00±0.81 23.80±0.62 1.13±0.01Figure 6 
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GPT (60). Earlier, analysis of cell proteome by Raman 
Spectroscopy (C=O stretching) indicated a considerable 
amount of protein denaturation following Tunicamycin 
treatment (61). In order to evaluate the status of DPMS in 
cells treated with Tunicamycin nano-formulations, DPMS 
expression was monitored in treated cells by western 
blotting. The results (Figure 6) indicate that the expression 
of DPMS was reduced by ~33% when treated with native 
Tunicamycin. But, its expression was reduced by ~66-93% 
in cells treated with Tunicamycin nano-formulations. This 
correlates extremely well with upregulated phospho-PERK 
expression, a translational attenuator under “ER stress”. 
Therefore, decreased DPMS expression in cells treated 
with nano-formulated Tunicamycin is expected to be a 
significant contributing factor for the development of upr-
mediated capillary endothelial cell death. The information 
thus confirms that nano-formulated Tunicamycin mediates 
its effect by inducing upr signaling.

Tunicamycin nano-formulations down-regulate caspase-9 
and caspase 3 expression

Activation of pro-caspase 9 to caspase-9 in the aptosome 
is the initiation of the apoptotic process and the process is 
concluded by the activation of caspase-3. The evidences 
presented so far have directed our attention towards the 
apoptotic death of the cells treated with Tunicamycin nano-
formulations. But the information missing was the status 
of caspase-3 and caspse-9. Therefore, we have analyzed 
the expression of caspase-3 and caspase-9 by western 
blotting in cells exposed to all seven nano-formulations 
of Tunicamycin. The expression of caspase-9 was down 
regulated (P<0.001) in cells treated with all Tunicamycin 
nano-formulations with no change with native Tunicamycin 
(Figure 6B). It was selective in the case of caspase-3. The 
down regulation was markedly enhanced (P<0.001) with 
50 nm Tunicamycin nanoparticles, 3-100 nm Tunicamycin 
gold nanoparticles, and 5-20 nm Tunicamycin Au NPs 
(Figure 6B).

Discussion

In asparagine-linked (N-linked) glycoproteins assembly, 
a core oligosaccharide unit consisting of fourteen sugar 
residues needs to be added to nascent proteins prior to its 
extensive modification by removal and addition of sugar 
residues in the endoplasmic reticulum (ER) and the Golgi 
complex (62). The modifications reflect a spectrum of 

glycoprotein functions and are best understood by blocking 
the availability of the core oligosaccharide unit (63-66). 
Using the best known N-glycosylation inhibitor, we have 
established in recent years that Tunicamycin (a natural 
product and a biologic) inhibited angiogenesis (i.e., capillary 
endothelial cell proliferation) in vitro and in athymic nude 
mice in vivo. It also prevented the progression of a double- 
and a triple-negative breast cancer in nude mice when 
administered intravenously or given orally (26). It is also 
fifteen times more potent that the currently FDA approved 
breast cancer therapeutic, Taxol. Tunicamycin is active only 
in G1 and its inhibitory action cannot be reversed either 
by VEGF, or by FGF2, or by high serum concentration. At 
the cellular level, Tunicamycin inhibits phospho tyrosine 
kinase activity and down-regulates the phospho VEGFR 
I & II levels, significantly even though Tunicamycin has 
no known tyrosine kinase inhibitory activity in vitro. More 
importantly, Tunicamycin has been found to be equally 
effective against neo-vascularization and the proliferation 
of a number of different human breast cancer cells. A breast 
cancer therapeutic of a dual action like Tunicamycin has not 
been discovered before. Therefore, our attempt to develop 
a nano-formulation of Tunicamycin has been a step forward 
and it has paid off. The nano-formulated Tunicamycin 
tested here has been found to be at least three times more 
potent than its native formulation.

The focus of our study has been to evaluate the efficacy 
of nano-formulated Tunicamycin over the native molecule. 
The question was, if nanoparticles are more effective than 
native Tunicamycin then a road map of the cells behavior 
while subjecting them to a shorter exposure could lead 
to a fundamental discovery. Therefore, 1 h exposure was 
quite reasonable, and based on our previous experience 
where we have seen cellular changes after exposing cells 
with native Tunicamycin for 3 h. Decreased cell viability 
correlated extremely well with the expression of cyclin D1 
and CDK4 expression in cells treated with nano-formulated 
Tunicamycin. It is the presence of each component in 
the cyclin D1-CDK4 complex that matters most than the 
contribution of the individual component. In the present 
study, either (I) expression of both cyclin D1 and CDK4 
were down regulated in some cases; or (II) in some cases 
when cyclin D1 expression was upregulated, the CDK4 
expression was down-regulated and vice versa. This provides 
a strong indication for slowing down of the cell cycle with 
a possibility of its arrest in G1. The inhibition of cell cycle 
progression has been further substantiated with the down-
regulated expression of phospho-Rb (Ser249/Thr252). p53 
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is expected to play a major role under such circumstance. 
Total p53 expression is significantly increased (P<0.001) in 
cells treated with 5-20 nm Tunicamycin gold nanotubes and 
5-20 nm Tunicamycin gold nanoparticles. The rest of the 
nano-formulations had no effect (Figure 3C). On the other 
hand, the expression of phospho-p53 is down-regulated in 
all cells treated with Tunicamycin nano-formulation. The 
reasons may not be all that clear. Because, we have used 
p53 whose serine-392 is phosphorylated. It may not be the 
target responding adequately to the p53 level and/or may 
be degraded faster under the cellular environment created 
by the current experimental condition. Future monitoring 
of other phosphorelation target(s) is expected to clarify any 
anomalous behavior these cells may exhibit.

Increased GRP-78 expression indicates “ER stress”. 
High GRP-78 level in cells treated with Tunicamycin 
nanotubes, 20 nm Tunicamycin gold nanoparticles, and 
50 nm Tunicamycin Au NPs establishes “ER stress”. Most 
interesting, however that GRP-78 expression is down-
regulated in cells treated with equal amount (i.e., 1 μg) 
of native Tunicamycin. This strongly suggests that nano-
formulated Tunicamycin is at least three times more potent. 
GRP-78 transduces “ER stress” through IRE-1, ATF6/
ATF4 and PERK, components of upr signaling for apoptotic 
cell death. In this study we have examined the status of IRE-
1, total PERK and phospho-PERK in cells treated with 
nano-formulated Tunicamycin. Both IRE-1 and phospho-
PERK are elevated (P<0.0001; Figure 5B,C) in most cases 
treated with nano-formulated Tunicamycin whereas these 
are down regulated in cells treated with native Tunicamycin 
(P<0.001). The ratio of phospho-PERK to total PERK is 
presented in Table 3. Phospho-PERK is down regulated 
only in cells treated with native Tunicamycin, whereas in 
all nano-formulated the ratio has been increased. If the 
ratio is 1.0 in cells exposed to native Tunicamycin then it 
is between 1.6-5.5 fold higher in cells exposed to nano-
formulated Tunicamycin. Information on ATF6/ATF4 
could have added another segment of the upr signaling 
without contributing significantly to the net effect of what 
we have already observed. For example, the down regulated 
expression of DPMS. PERK is a translational attenuator 
and its activation through phosphorylation inhibits protein 
synthesis by phosphorylating the translation initiator eIf2. 
Therefore, DPMS down regulation with increasing PERK 
phophorylation satisfied the criteria for “ER stress”-induced 
upr-mediated apoptotic death. Our results on down-
regulated expression of caspase-9 and consequently that of 
caspase-3 challenge the current hypothesis. Considering 

these findings we suggest: (I) the induction of “ER stress” 
and the upr-mediated apoptosis is a non-linear process; (II) 
There may exist a non-canonical pathway of cell death when 
the “ER stress” is induced; and (III) there is a possibility of 
autophagy and/or necrotic death. Obviously, more work is 
warranted to answer these questions. In addition, it would 
be interesting to know if nano-formulated Tunicamycin 
follows a single set of signaling pathways or differs based on 
the nature of the formulation.

It has been proposed earlier that native Tunicamycin 
enhanced the radio-sensitivity of U251 glioma and BXPC3 
pancreatic adenocarcinoma cells (67), and also a combination 
of Tunicamycin with anticancer drugs [actinomycin D, 
vincristine (VCR), cis-diaminedichloroplatinum (II) 
(CDDP) and DXR] synergistically enhances their toxicity 
in multidrug-resistant human ovarian cystadenocarcinoma 
cells (68). This opens the door for developing Tunicamycin 
as a combination drug & radio therapy, and also the 
inherent property of Tunicamycin would make it more 
attractive to developing imaging tools.
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