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Purpose: The normal metabolite methylglyoxal (MG) specifically kills cancer cells by inhibiting 

glycolysis and mitochondrial respiration without much adverse effect upon normal cells. Though 

the anticancer property of MG is well documented, its gradual enzymatic degradation in vivo 

has prompted interest in developing a nanoparticulate drug delivery system to protect it and 

also to enhance its efficacy. 

Materials and methods: MG-conjugated chitosan nanoparticles (Nano-MG) were prepared 

by conjugating the carbonyl group of MG with the amino group of chitosan polymer (Schiff’s 

base formation). Nano-MG were characterized in detail using the dynamic light scattering 

method, zeta potential measurement, Fourier transform infrared spectroscopy, and transmission 

electron microscopic analysis. Amount of MG anchored to Nano-MG, stability of Nano-MG, 

and in vitro release of MG from Nano-MG were estimated spectrophotometrically. Ehrlich 

ascites carcinoma (EAC) cells, human breast cancer cell line HBL-100, and lung epithelial 

adenocarcinoma cell line A549 were used as test systems to compare Nano-MG with bare 

MG in vitro. Cytotoxicity to EAC cells was evaluated by the trypan blue dye exclusion test, 

and cell viability of HBL-100 and A549 cells were studied using 3-(4,5-dimethylthiazol-2-yl) 

2,5-diphenyltetrazolium bromide (MTT) assay. Apoptosis of HBL-100 cells was assessed by 

flow cytometry and confocal microscopy. In vivo studies were performed on both EAC cells 

inoculated and also in sarcoma-180-induced solid tumor-bearing Swiss albino mice to assess 

the anticancer activity of Nano-MG in comparison to bare MG with varying doses, times, and 

administrative routes. 

Results: Fourier transform infrared spectroscopy revealed the presence of imine groups in 

Nano-MG due to conjugation of the amino group of chitosan and carbonyl group of MG with 

diameters of nanoparticles ranging from 50–100 nm. The zeta potential of Nano-MG was +21 mV 

and they contained approximately 100 µg of MG in 1 mL of solution. In vitro studies with 

Nano-MG showed higher cytotoxicity and enhanced rate of apoptosis in the HBL-100 cell line 

in comparison with bare MG, but no detrimental effect on normal mouse myoblast cell line 

C2C12 at the concerned doses. Studies with EAC cells also showed increased cell death of 

nearly 1.5 times. Nano-MG had similar cytotoxic effects on A549 cells. In vivo studies further 

demonstrated the efficacy of Nano-MG over bare MG and found them to be about 400 times 

more potent in EAC-bearing mice and nearly 80 times more effective in sarcoma-180-bearing 

mice. Administration of ascorbic acid and creatine during in vivo treatments augmented the 

anticancer effect of Nano-MG.

Conclusion: The results clearly indicate that Nano-MG may constitute a promising tool in 

anticancer therapeutics in the near future.
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Introduction
Mortality due to cancer is rising at an alarming rate; cancer is 

the third leading cause of death worldwide and is projected to 

claim 13.1 million lives by 2030, which is nearly double the 

7.6 million cancer-related deaths in 2008. Although chemo-

therapy is an important mode of cancer treatment, it had the 

disadvantage of widespread adverse side effects.1 This has 

prompted interest in the development of a specific, targeted 

anticancer drug with reduced toxicity. Advancements in 

nanotechnology may aid with the development and design 

of next-generation drugs with more efficient targeting and 

delivery strategies that are lacking in existing conventional 

chemotherapy.

The anticancer property of methylglyoxal (MG) has been 

well known for a long time.2–5 The metabolic pathway of 

this “enigmatic ketoaldehyde” has been firmly established 

and is in the biochemical map of intermediary metabolism.6  

The beauty of MG, a normal metabolite, lies in the fact that it 

kills exclusively cancer cells by inhibition of glycolysis and 

mitochondrial respiration, leaving no adverse effect on normal 

cells.7,8 A detailed pharmacokinetic and toxicological study 

of MG confirmed that it is apparently devoid of any toxic 

effect.9 MG can also activate macrophages10 via superoxide 

and nitrite production through the MAPK/NF-κB signaling 

pathway.11 These findings paved the way for anticancer drug 

development using MG as a key component.12,13 A major prob-

lem with using MG as an anticancer drug is that MG, being 

a normal metabolite, is rapidly degraded by various enzymes 

present in the body.6,14,15 Hence, shielding MG with convenient 

nanoparticles may prevent this in vivo degradation, making 

it more competent as an anticancer drug.

Nanoparticles are taken up by various cells more read-

ily and efficiently than larger micromolecules16 and are 

often used an an effective means of transport and potent 

delivery.17 Chitosan, a nontoxic cationic polysaccharide, 

generally derived from chitin by alkaline deacetylation, is 

widely used as a versatile, soft tissue-compatible particle for 

its biocompatibility, biodegradability, and natural origin.18,19 

It has also been reported that chitosan nanoparticles inhibit 

the proliferation of human gastric carcinoma cell line MGC-

803.20 Nanoparticles made of MG-loaded chitosan, prepared 

by Schiff’s base conjugation between chitosan and MG 

designated as Nano-MG,21 are expected to have sustained 

release of MG and hence improve its efficacy.

For more than a decade, various drugs such as paclitaxel,22 

doxorubicin,23 5-fluorouracil,24 and dexamethasone25 have 

been successfully formulated using nanomaterials. Studies 

have shown regression of solid tumor and increased survival 

rates with doxorubicin-loaded chitosan nanoparticles in 

tumor-implanted rats,26 and that paclitaxel-loaded chitosan 

and glyceryl monooleate nanoparticles have excelled in 

sustained-release drug delivery.27 These findings inspired 

us to nanofabricate MG with chitosan biopolymer, thereby 

minimizing the amount of MG used and increasing its effi-

ciency by prolonging its circulation time in blood.28

In the present study, we demonstrate the preparation 

of MG-loaded chitosan nanoparticles, their characteriza-

tion, and their anticancer activity both in vitro and in vivo. 

These Nano-MG were more efficient and prepared in a more 

convenient way than our previously made Nano-MG.21  

This preparation also takes less time, thus making it more 

acceptable for production in pharmaceutical industries. The 

in vitro effect of Nano-MG was tested on HBL-100, A549, 

and Ehrlich ascites carcinoma (EAC) cell lines. Ascorbic 

acid and creatine were administered in combination with 

Nano-MG and bare MG in murine models bearing EAC and 

sarcoma-180 cells to increase efficiency, as evidenced in our 

earlier observations.29 

Materials and methods
MG (40% aqueous solution, w/v), low-molecular-weight chi-

tosan, 3-(4,5-dimethylthiazol-2-yl) 2,5-diphenyltetrazolium 

bromide (MTT), Sephadex G-50, trypan blue, cell culture 

media, and fetal bovine serum were purchased from Sigma 

Aldrich Co. (St Louis, MO, USA). C2C12, HBL-100, and 

A549 cell lines were obtained from American Type Culture 

Collection ([ATCC] Manassas, VA, USA). Filter paper 

(0.2 µm) was procured from Merck Millipore (Billerica, 

MA, USA). An annexin V–propidium iodide (PI) kit was 

purchased from Cell Signaling Technology, Inc. (Danvers, 

MA, USA). Hoechst 33342 stain was procured from 

Calbiochem (La Jolla, CA, USA). All other chemicals and 

biochemicals were of analytical grade and purchased from 

Merck Millipore.

Synthesis of nanoparticles
Nano-MG were prepared by the method described 

previously,21 with some modifications. In brief, initially a 

100 mL solution of 0.3% low-molecular-weight chitosan 

(~40 kD) in dilute acetic acid (34.8 mM) was prepared by 

sonication for 45 minutes at 37°C. To the above solution, 

1 mL of MG was added under stirring condition followed 

by addition of 1 mL Tween 80 after 1 hour of stirring. Stir-

ring was continued for another hour before adding 0.4 mL 

of 20% sodium sulfate solution dropwise. To crosslink the 

nanoparticles, 10 µL of 25% glutaraldehyde solution was 
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added, with stirring for another 30 minutes. Finally, 1 mL of 

10% sodium metabisulfite was added and the solution was 

stirred for another 30 minutes and kept overnight at room 

temperature. The Nano-MG solution was passed through 

a Sephadex G-50 column (20×1 cm) to eliminate small 

molecules using normal saline as eluent. The solution was 

strained through 0.2 µm-pore-size filter paper and preserved 

at room temperature for further characterization and thera-

peutic studies.

The same protocol was repeated with the chitosan mol-

ecules to prepare void chitosan nanoparticles (without MG) 

without sodium sulfate (to avoid precipitation of nanopar-

ticles). This was designated as Nano-Chitosan.

Characterization
Fourier transform infrared (FT-IR) spectra of Nano-Chitosan 

and Nano-MG were recorded on an FT-IR spectrometer 

using a high-sensitivity pyroelectric detector (Spectrum 100; 

PerkinElmer Inc., Waltham, MA, USA). The sample pellets 

were prepared by grinding the lyophilized nanoparticles 

with KBr in a mortar at 1:100 ratios (w/w). The tablets were 

recovered with a clip and were analyzed in the wave number 

region from 4,000–400 cm-1.

The size distributions of these two nanoparticles in aque-

ous medium were determined directly using the dynamic 

light scattering technique using a Zetasizer 3000 (Malvern 

Instruments, Malvern, UK) in the automatic analysis mode 

at 25°C. The zeta potential of these two samples was also 

measured using the same Malvern Zetasizer instrument at 

the same temperature.

The sizes, ie, diameter and morphological images of  

Nano-Chitosan and Nano-MG were examined and recorded 

using a high-resolution transmission electron microscope 

(JEM 2010; JEOL, Tokyo, Japan) operating at an accelerat-

ing voltage of 200 kV. The samples were prepared by drop-

casting on a carbon-coated copper grid and dried.

MG content anchored in Nano-MG was estimated spec-

trophotometrically using an ultraviolet-visible spectropho-

tometer (Cary Varian 50 scan UV–Vis optical spectrometer 

equipped with Cary Win UV software). The sample solution 

was treated with 5 M perchloric acid solution so that MG was 

released from the nanoparticles. It was then derivatized with 

1,2-diaminobenzene to produce 2-methylquinozaline and was 

estimated spectrophotometrically by measuring the absor-

bance at 336 nm.9 The concentrations of perchloric acid and 

1,2-diaminobenzene in the reaction mixture were 0.5 M and 

1.8 mM, respectively. Similarly, five known concentrations 

of MG and their corresponding absorbances were recorded 

at 336 nm. A linear standard curve was obtained plotting 

known MG concentration versus absorbance. This was used 

to calculate the amount of MG conjugated to chitosan in 

Nano-MG. The authenticity of the method was confirmed 

by enzymatic assay of MG.30

For stability study of Nano-MG, MG content was mea-

sured at every month up to 6 months. Each time, a dialysis 

of Nano-MG solution was done against 0.9% NaCl solution 

for 1 hour. The amount of MG in both the dialyzed solu-

tion and dialysate was estimated spectrophotometrically as 

mentioned previously.

To study in vitro release of MG, 250 mL of Nano-MG was 

taken in a dialysis bag and was dialyzed against 1,000 mL of 

water at two different pH levels (pH 5.5 and pH 6.8). Aliquots of 

1 mL were withdrawn from the release media (dialysate) at vari-

ous time intervals and replenished with an equivalent amount 

of fresh water after each collection. Amounts of MG present in 

the withdrawn aliquots were estimated by the ultraviolet-visible 

spectrophotometer as mentioned previously.

Efficacy study
In vitro study
Cell culture
Mouse normal myoblast cell line (C2C12), human breast 

cancer cell line (HBL-100), and human lung cancer cell line 

(A549) were maintained in Dulbecco’s Modified Eagle’s 

Medium (DMEM) supplemented with 10% fetal bovine 

serum, penicillin (100 µg/mL), streptomycin (100 µg/mL), 

and gentamycin (100 µg/mL) and grown in a 37°C humidi-

fied incubator containing 5% CO
2
. 

Phase-contrast imaging
In all cases, cells were treated with various concentrations of 

MG (500, 750, and 1,000 µM) or Nano-MG (25, 37.5, and 

50 µM) and kept for another 24 or 48 hours. The images 

were taken at 20× with an Olympus CKX-41 microscope 

(Olympus Corporation, Tokyo, Japan).

Cell viability analysis by MTT assay
The principle of MTT assay is based on the ability to cleave 

the tetrazolium ring of MTT by the mitochondrial dehydro-

genase enzyme of viable cells forming dark blue insoluble 

formazan, which accumulates in living cells. The number 

of viable cells is directly proportional to the amount of the 

formazan product created. This formazan is then solubilized 

in a suitable solvent and absorbance is measured.31 

For this assay, cells in their log phase were seeded over-

night in colorless DMEM in 96-well tissue culture plates, 
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each well having nearly 10,000 cells. The cells were then 

incubated with increasing concentrations of Nano-MG (6.25, 

12.5, 25, 37.5, 50, 62.5, 75, 87.5, and 100 µM) and bare MG  

(125, 250, 500, 1,000, 1,250, 1,500, 1,750, and 2,000 µM) 

for different time intervals at 37°C. The medium was then 

replaced with 100 µL (0.5 mg/mL) MTT per well and further 

incubated for 4 hours. The insoluble formazan was dissolved 

in dimethyl sulfoxide (100 µL/well) and absorbance was 

measured using a 96-well plate reader (ELx 800; Biotek, 

Winooski, VT, USA) at 490 nm. The percentage of viability 

was calculated compared with the untreated control (consid-

ered as 100% viable). 

Apoptosis assay by flow cytometry
HBL-100 cells were seeded overnight in six-well tissue 

culture plates at a density of 5×105 cells/well and were 

treated with various concentrations of bare MG (500, 750, 

and 1,000 µM) and Nano-MG (25, 37.5, and 50 µM) for 

24 and 48 hours. Cells were trypsinized and doubly stained 

using an annexin V–fluorescein isothiocyanate (FITC) and 

PI kit (Cell Signaling Technology kit no 6592S) according 

to the manufacturer’s protocol for flow cytometric analysis 

of apoptotic populations. Briefly, 2 µL of annexin V–FITC 

and 8 µL of PI were added to the binding buffer in which 

the cells were suspended. Apoptosis data were acquired 

using a BD FACS Verse flow cytometer (BD Biosciences, 

San Jose, CA, USA) and analyzed using BD FACS DIVA 

software within 1 hour.

Confocal microscopy analysis
HBL-100 cells were harvested on cover slips in DMEM 

supplemented with 10% fetal bovine serum, penicillin, 

streptomycin, and gentamycin. After treatment with MG 

or Nano-MG for 24 hours, cells were gently washed with 

phosphate-buffered saline (PBS) and treated with 3.7% form-

aldehyde and kept in a 37°C incubator for 15 minutes. Cells 

were again washed with PBS, and 0.1% Triton X-100 was 

added to each cover slip and kept on a rocker for 15 minutes, 

followed by addition of Hoechst 33342 stain at a final con-

centration of 1 µg/mL. The samples were incubated at room 

temperature in the dark for 20 minutes and then were washed 

thrice very gently with PBS on a rocker. The cover slips 

were dried and mounted on glass slides with a drop of DPX 

mounting media and stored at 4°C before observation under 

a Leica model DM 900 confocal laser scanning microscope 

(Leica Microsystems, Wetzlar, Germany). Digital images 

were captured with a cool (-25°C) charge-coupled device 

camera controlled with MetaMorph software (Universal 

Imaging, Bedford Hills, NY, USA).

In vitro study with EAC cells
EAC cells were maintained in the intraperitoneal cav-

ity of mice.32 Briefly, cells were harvested for 8–10 days 

post-inoculation in female Swiss albino mice before being 

collected from the peritoneal cavity in 3 mL of normal saline 

(0.9% NaCl) and centrifuged (2,000× g) for 5 minutes at 4°C. 

The resulting pellets were washed again in normal saline 

before they were re-suspended in the requisite amount of PBS 

at pH 7.4. Cells (3×103) were treated with various combina-

tions of 0.17 mM Nano-MG, 1 M MG, and 1 M ascorbic acid 

or with Nano-Chitosan in a final reaction volume of 1 mL 

and incubated at 37°C for 2 hours. The amount of chitosan  

in the Nano-Chitosan was the same as in 1 mL of 0.17 mM 

Nano-MG. A control tube with only EAC cells was main-

tained in a similar condition. Viable and dead cells were 

evaluated using the trypan blue dye exclusion method.33 To 

1 mL of cell suspension, 0.1 mL of 0.4% trypan blue dye was 

added for staining before loading on a hemocytometer and 

counting under a microscope. In the case of Nano-Chitosan, 

it was found that, after 2 hours’ incubation at 37°C, 95% of 

EAC cells remained viable with normal morphology (data 

not shown), which is almost comparable to the control tube 

(97%). Hence, further in vitro cell culture studies with Nano-

Chitosan were not performed.

In vivo study
Animal model
Swiss albino female mice aged 4–6 weeks and weighing 

~20 g were maintained under standard laboratory conditions. 

The animal handling and animal experimental protocols were 

approved by the Institutional Animal Ethics Committee of 

Bose Institute, Kolkata, India.

Tumor induction by EAC cell line
EAC cells were maintained in the intraperitoneal cavity of 

mice as previously described.32 Cells were syringed out in 

normal saline from EAC -inoculated mice, resuspended in 

normal saline, and washed, then the cells were inoculated 

again into other healthy normal mice by intraperitoneal 

injection. 

Induction of solid tumor by sarcoma-180 cell line
Sarcoma-180 cells were maintained in vivo by intraperito-

neal inoculation into mice.21 For in vivo experiments, the 
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sarcoma-180 cells that were maintained in the intraperitoneal 

cavity were inoculated intramuscularly in the left hind leg 

for the development of solid tumor. The tumor volumes 

of treated and untreated mice were measured with slide 

calipers.

Animal treatment
The experimental mice were inoculated with either EAC 

or sarcoma-180 cells. The mice that were inoculated with 

EAC cells in the peritoneal cavity received either bare MG 

or Nano-MG via two different routes, either intraperitoneal 

or intravenous, through the lateral tail vein. Mice bearing the 

sarcoma-180 cell-induced solid tumor were treated intrave-

nously. The mice were divided into the following groups: 

1) control group, which was inoculated with either EAC 

or sarcoma-180 cells and received only normal saline as 

placebo but no drug; 2) EAC or sarcoma-180 cell-inoculated 

group receiving various doses of either Nano-MG or MG 

(in sterile saline); 3) EAC or sarcoma-180 cell-inoculated 

group treated with Nano-Chitosan; and 4) normal mice 

treated with Nano-Chitosan. The EAC or sarcoma-180 

cell-inoculated group receiving various doses of either 

Nano-MG or MG was fed orally with ascorbic acid and 

creatine as supplements. Each group contained six mice and 

received a single dose per day. The detailed treatment pro-

tocol with MG and Nano-MG is described in Table 1. Mice 

treated with Nano-Chitosan (~15 mg/kg body weight/day)  

had neither any anticancer activity nor any toxic effect at 

this dose (results not presented), which is in accordance with 

our previous observation.21

Statistical analysis
Experiments were performed at least three times for in vitro 

and four times for in vivo studies. Results are expressed as 

mean ± standard deviation or Student’s t-test for significance 

(P0.05 was considered significant).

Results
Physical characterization of the 
nanoparticles
The sizes of nanoparticles were measured by dynamic light 

scattering, which showed the polydispersed nature of the 

particles. Most of the particles had a diameter between 50 and 

100 nm. A typical result showed that most of the Nano-MG 

particles had a diameter of approximately 74 nm with a 

polydispersity index value of 0.18 (Figure 1A), whereas 

most of the Nano-Chitosan particles were approximately T
ab

le
 1

 T
re

at
m

en
t 

pr
ot

oc
ol

 

M
od

e 
of

 
tr

ea
tm

en
t

T
um

or
 m

od
el

  
(n

um
be

r 
of

 c
el

ls
 in

oc
ul

at
ed

)
E

xp
er

im
en

t 
nu

m
be

r
D

os
es

a
T

re
at

m
en

t 
st

ar
te

d 
af

te
r 

in
oc

ul
at

io
n 

(h
ou

rs
)

N
um

be
r 

of
 d

os
es

 
ad

m
in

is
te

re
d

M
G

N
an

o-
M

G
A

sc
or

bi
c 

ac
id

C
re

at
in

e

In
tr

ap
er

ito
ne

al
EAC


(1

×1
06 )

1
a)

 1
0

b)
 1

00
a)

 0
.2

5
–

–
24

14
 (

co
ns

ec
ut

iv
e)

In
tr

ap
er

ito
ne

al
EAC


(3

×1
06 )

2
–

a)
 0

.5
50

15
0

a)
 2

4
b)

 4
8

c)
 7

2

14
 (

co
ns

ec
ut

iv
e)

In
tr

av
en

ou
s

EAC


(1
×1

06 )
3

–
a)

 0
.0

6
b)

 0
.1

2
c)

 0
.2

5

50
15

0
24

14
 (

co
ns

ec
ut

iv
e)

In
tr

av
en

ou
s

EAC


(1
×1

06 )
4

a)
 2

0
a)

 0
.2

5
50

15
0

24
14

 (
co

ns
ec

ut
iv

e)

In
tr

av
en

ou
s

Sa
rc

om
a

(3
×1

05 )
5

a)
 2

0
a)

 0
.2

5
50

15
0

72
25

 (5
 c

on
se

cu
tiv

e 
do

se
s/

w
ee

k 
fo

r 
5 

w
ee

ks
)b

N
ot

es
: D

ay
 o

f i
no

cu
la

tio
n 

w
as

 c
on

si
de

re
d 

as
 d

ay
 0

. E
ac

h 
gr

ou
p 

co
nt

ai
ne

d 
si

x 
m

ic
e.

 A
sc

or
bi

c 
ac

id
 a

nd
 c

re
at

in
e 

w
er

e 
fe

d 
or

al
ly

. a m
g/

kg
 b

od
y 

w
ei

gh
t/

da
y.

 b F
iv

e 
da

ys
/w

ee
k 

to
 a

vo
id

 s
w

el
lin

g 
of

 t
he

 t
ai

l v
ei

n 
an

d 
ad

jo
in

in
g 

ar
ea

s 
du

e 
to

 
co

ns
ec

ut
iv

e 
w

ee
ks

 o
f t

re
at

m
en

t.
A

bb
re

vi
at

io
ns

: EAC



, E

hr
lic

h 
as

ci
te

s 
ca

rc
in

om
a;

 M
G

, m
et

hy
lg

ly
ox

al
; N

an
o-

M
G

, M
G

-c
on

ju
ga

te
d 

ch
ito

sa
n 

na
no

pa
rt

ic
le

s.
 

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2015:10submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

3504

Pal et al

Figure 1 Physical characterization of Nano-MG and NC.
Notes: Size distribution of (A) Nano-MG and (B) NC by dynamic light scattering. Zeta potential of (C) Nano-MG and (D) NC. (E) Fourier transform infrared spectra of 
(a) Nano-MG and (b) NC. Peaks are indicated by arrowheads (▲). TEM images of (F) Nano-MG (inset: TEM image of Nano-MG at higher magnification) and (G) NC. 
Abbreviations: Nano-MG, methylglyoxal-conjugated chitosan nanoparticles; NC, void chitosan nanoparticles; TEM, transmission electron microscopy.
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68 nm in diameter, having a polydispersity index value of 

0.31 (Figure 1B). 

The zeta potential  of  Nano-MG was +21mV 

(Figure 1C) and that of Nano-Chitosan +27.1 mV 

(Figure 1D), which indicates the conjugation of MG in 

chitosan nanoparticles.

FT-IR spectroscopic analysis was done with both Nano-

Chitosan and Nano-MG. Comparison between the infrared 

spectra of Nano-MG (Figure 1Ea) and Nano-Chitosan 

(Figure 1Eb ) reveals a strong peak at 1,725 cm-1 which 

corresponds to the carbonyl group of MG, clearly indicating 

the CH
3
CO stretch. A new peak at 1,654 cm-1 corresponding 

to the imine group (–N=C) formed due to Schiff’s base 

formation between the –NH
2
 group of chitosan and C=O 

group of MG was also detected (Figure 1E).

Transmission electron microscope data of these two 

nanoparticles clearly show that the nanoparticle structure 

was almost spherical in shape and that the size distribution 

was similar to that found in the dynamic light scattering 

studies (Figure 1F and G). The amount of MG anchored in 

drug-loaded nanoparticles was calculated from a standard 

curve and was found to be ≈100 µg/mL.

In vitro release assay of MG  
from Nano-MG
In vitro release assay of free MG from Nano-MG revealed 

that, at pH 5.5, approximately 60% of MG was released 

within 10–12 hours, but, at pH 6.8, it remained quite stable 

(Figure 2). As the intracellular pH of cancer cells is acidic, 

it may be assumed that there will be an accelerated release 

of MG from Nano-MG at low pH. 

Stability study
The amount of MG bound to Nano-MG was estimated spec-

trophotometrically at 1-month intervals up to 6 months after 

Nano-MG was prepared. Nano-MG remained stable for up 

to 6 months at room temperature in 0.9% sodium chloride 

solution (pH ≈7.4). 

Efficacy study
Effect of MG and Nano-MG on cell viability  
(in vitro studies)
Phase-contrast imaging and MTT assay
Significant morphological changes appeared in MG- and 

Nano-MG-treated HBL-100 cells as observed at 20× under 

a phase-contrast microscope. With increases in the doses 

of MG and Nano-MG, the changes appeared greater and 

indicated greater loss of viability compared to untreated 

control cells (Figure 3A). 

MTT assay was performed to determine cell viability. 

Results from the MTT assay were in accordance with the 

phase-contrast images and demonstrated that both MG and 

Nano-MG were detrimental and significantly cytotoxic 

towards HBL-100 in a dose-dependent manner as observed 

24 hours (Figure 3B) and 48 hours (Figure 3C) after treat-

ment. Interestingly, the potency of Nano-MG was found 

to be far greater at the higher doses. MG in its nano form 

(6.25, 12.5, and 25 µM) was 20 times as potent as MG 

(125, 250, and 500 µM) in its bare form. At higher doses of 

Nano-MG (37.5 and 50 µM), the effectiveness was found to 

be as high as 35–40 times more compared to bare MG (750 

and 1,000 µM). The potency or effectiveness is considered 

in respect to the relative amount of MG in its bare or nano  

form. The half-maximal inhibitory concentration (IC
50

) of 

MG and Nano-MG for HBL-100 was 1,000 µM and 37.5 µM,  

respectively, after 24 hours (Figure 3B). After 48 hours of 

treatment, the IC
50

 of MG and Nano-MG was found to be 

750 µM and 25 µM, respectively (Figure 3C).

To determine the time of initiation of cell death, a time-

dependent study was performed, which demonstrated the 

advent of cellular decease as early as 2 hours at higher doses 

of both MG and Nano-MG (Figure S1). 

The cytotoxic nature of Nano-MG was not only restricted 

to the HBL-100 cell line, but A549 also showed a sharp 

decrease in cell viability with Nano-MG, which again dem-

onstrates the anticancer activity of Nano-MG (Figure S2).

Flow cytometry analysis 
We speculated after observing cell death by MTT assay that 

apoptosis was being induced by MG and Nano-MG treatments.  
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Figure 2 In vitro release studies of methylglyoxal-conjugated chitosan nano
particles.
Note: Values represent mean ± standard deviation.
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Figure 3 Cytotoxic effect of Nano-MG and MG at different concentrations on HBL-100 cell line.
Notes: (A) Morphological changes as viewed at 20× by phase-contrast microscopy in HBL-100 cells after 24 hours’ treatment with different concentrations of MG and 
Nano-MG. Cytotoxic activity determined by the MTT assay for HBL-100 cells treated with gradient concentrations of MG and Nano-MG at (B) 24 hours and (C) 48 hours. 
Each value represents the mean ± standard deviation. IC50 values are denoted by asterisks (*).
Abbreviations: MG, methylglyoxal; MTT, 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Nano-MG, MG-conjugated chitosan nanoparticles; IC50, half-
maximal inhibitory concentration.
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We used annexin V-conjugated FITC and PI for analyzing 

early and late apoptotic cells. We observed a dose-dependent 

increase in the number of early and late apoptotic cells 

(Figure 4A). Treatment with 500, 750, and 1,000 µM bare 

MG showed 11.9%, 16%, and 18.8% of cells were early 

apoptotic (annexin V–FITC+/PI-) and 2.1%, 1.4%, and 

4.3% of cells were late apoptotic (annexin V–FITC+/PI+), 

respectively (Figure 4A, middle row). Nano-MG treatment 

showed 27.9%, 32.9%, and 48.4% of cells were early apop-

totic and 1.8%, 1.8%, and 2.3% of cells were late apoptotic 

at 25, 37.5, and 50 µM, respectively (Figure 4A, bottom 

row). Supporting our observed cell viability data, we found 

that MG encapsulated in chitosan is more effective at a far 

lower dose than in its bare form.

Confocal microscopy analysis
Confocal microscopy revealed apoptotic nuclei after MG and 

Nano-MG treatments in HBL-100 cells. It was clear from 

the images that nuclear destruction occurred after treatment 

with 750 µM of MG and 37.5 µM of Nano-MG (Figure 4B), 

which supports our previous results from flow cytometric 

analysis (Figure 4A). Confocal microscopy studies indicated 

an indirect proof of MG and Nano-MG uptake.

Effect of MG and Nano-MG on C2C12 (normal mouse 
myoblast) cell line
Though cytotoxic to malignant cell lines, these compounds had 

little toxic effect on normal cell line C2C12 (normal mouse 

myoblasts) as examined under phase-contrast microscopy 

(Figure 5A) and supported by MTT analysis. Approximately 

90% of cells remained viable even when treated with 1,000 

µM MG (Figure 5B) or 50 µM Nano-MG (Figure 5C).

Effect of MG and Nano-MG on EAC cells
The maximum inhibitory effect was observed when 

Nano-MG were combined with ascorbic acid, and it appeared 

that Nano-MG were by far more potent than bare MG. 

Nano-MG- and ascorbic acid-treated cells showed nearly 

80% cell death and lost their transparency in comparison 

with MG and ascorbic acid, which showed nearly 50% cell 

death. In contrast, about 97% of the control or untreated cells 

were viable (Figure 6). 

Effect of MG and Nano-MG on tumor inhibition  
(in vivo studies)
Effect of MG and Nano-MG on EAC-induced  
in vivo ascites
Nano-MG (0.25 mg/kg) administered at a 40 times lower dose 

than MG (10 mg/kg) via an intraperitoneal route demonstrated 

300 times more potency in destroying malignant cells.  

To attain comparable efficacy with MG, a dose of 100 mg/kg 

must be administered by the same route, which is 400 times 

more than the amount of Nano-MG (Figure 7A and B). 

The efficacy of Nano-MG was assessed by varying the 

starting day of intraperitoneal treatment (24, 48, 72 hours) post-

inoculation. The results indicate a comparable prognosis when 

treatment starts after 24 and 48 hours (Figure 7C and D). 

A dose-dependent study of MG or Nano-MG adminis-

tered via the intravenous route through the lateral tail vein 

of EAC-inoculated mice confirmed the efficacy of Nano-MG 

(Figure 8A). EAC-inoculated mice received 14 consecutive 

doses of Nano-MG (0.25 mg/kg) or 80 times higher doses 

of bare MG (20 mg/kg) via the intravenous route. Treatment 

with Nano-MG showed 300–400 times more effectiveness in 

comparison to bare MG, even at such a low dose (Figure 8B 

and C). It may be concluded, therefore, that Nano-MG are 

300–400 times more effective than bare MG. 

Inclusion of ascorbic acid and creatine in the treat-

ment regimen markedly enhanced the anticancer effect of 

Nano-MG up to 20 times, which supports our previous 

observation that creatine and ascorbic acid have a synergistic 

effect on MG-based anticancer treatment (Table S1).29 The 

regression of EAC cells in mice by intravenous treatment 

with Nano-MG was 20 times more compared to bare MG at 

an 80 times lower dose (Table S1).

Effect of MG and Nano-MG on sarcoma-180 cell  
line-induced solid tumor 
Solid tumor developed by sarcoma-180 cells showed gradual 

regression when treated with Nano-MG (MG content 

80 times lower than bare MG) or MG via the intravenous 

route compared to untreated mice. The tumor size of Nano-

MG-treated mice was approximately 7.5 times less than 

that of controls (receiving normal saline) and approximately 

three times less than in bare MG-treated mice after 35 days 

of treatment (Figure 9A and B). Ascorbic acid and creatine 

were fed orally to mice treated with MG or Nano-MG.

An increase in survivality of sarcoma-180-bearing mice 

was apparent in the Nano-MG-treated group compared to the 

control or bare MG-treated counterparts (Figure 9C).

Histological analysis of tumor tissue cross-sections 

showed degenerating fibers, whereas treatment with 

Nano-MG revived the normal tissue architecture to a large 

extent (Figure 9D).

Discussion
Favorable characteristics of chitosan such as nontoxicity, 

biodegradability, and biocompatibility and the potent 
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anticancer property of MG justify the synthesis of MG-

conjugated chitosan nanoparticles. The Nano-MG in this 

study were more potent, stable, and easier to prepare than 

previously made Nano-MG21 (Table S2) and proved to be 

a more effective cancer therapeutic drug. It is convincingly 

demonstrated (Table S2) that this Nano-MG killed three times 

more EAC cells (treating each mouse with eight consecutive 

doses receiving total 2 mg/kg body weight) compared to the 

previous Nano-MG (with 25 doses, 5 days/week, receiving 

in total 6.25 mg/kg body weight).21 

Physical characterization showed that stable nanoparticles 

had a diameter up to 100 nm, which may facilitate extravasa-

tion from systemic circulation to tumor tissue. Chitosan acts 

as a carrier for controlled and sustained intracellular release 

of MG, thereby may help to retain it within cells and provide 

protection from in vivo enzymatic degradation making 

Nano-MG more tumoricidal. Increased release of MG from 

Nano-MG at lower pH ensures higher activity of Nano-MG 

in the acidic intracellular environment of cancer cells. 

The in vitro efficacy of Nano-MG over MG was also 

studied. Phase contrast-imaging revealed cytotoxicity, which 

was further confirmed by cell viability data obtained by the 

MTT assay, indicating its heightened efficacy on HBL-100 

and A549 cell lines with no detrimental effect on C2C12 

cells. This also supports our previous observation that 

MG can kill cancer cells by depleting energy production 

through inhibition of both glycolysis8,34 and mitochondrial 

respiration35,36 of malignant cells without affecting normal 

cells.7,35,36 The apoptotic potential of Nano-MG has also been 

established in this study. HBL-100 cells were shown to be 

nearly twice more prone to apoptosis when treated with 

Nano-MG where the amount of MG was 40 times lower than 

MG in bare form. The strong apoptotic potential of MG is 

indicative of an underlying signaling regulation, which should  

make for interesting study in future. Any cancer therapeutic is 

incomplete unless it is tested in an animal model. Therefore, 

a series of experiments was performed in a mouse model to 

confirm the efficacy of Nano-MG in vivo. In EAC-bearing 

mice, this formulation based on Nano-MG showed an excel-

lent result in comparison with bare MG. Drug administration 

was performed via both intraperitoneal and intravenous 

routes. Nano-MG were more effective (nearly 400 times) 

than bare MG in the case of intraperitoneal treatment  

and ≈40 times more effective in intravenous treatment at an  

Figure 5 In vitro viability studies of normal C2C12 cell line treated with MG and 
Nano-MG. 
Notes: (A) Phase-contrast microscopic image. (B) MTT assay of C2C12 cells 
(normal mouse myoblast) treated with MG. (C) MTT assay of C2C12 cells (normal 
mouse myoblast) treated with Nano-MG.
Abbreviations: MG, methylglyoxal; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide; Nano-MG, MG-conjugated chitosan nanoparticles.

Figure 6 In vitro viability studies of EAC cells treated with MG and Nano-MG.
Notes: EAC cells (3×103) were suspended in 0.9% NaCl solution and incubated 
with various combinations of Nano-MG, MG, and ascorbic acid for 2 hours. Viability 
testing was done using the trypan blue dye exclusion method. Data represent the 
mean of four different experiments. 
Abbreviations: EAC, Ehrlich ascites carcinoma; MG, methylglyoxal; Nano-MG, 
MG-conjugated chitosan nanoparticles.
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Figure 7 Effect of Nano-MG on the proliferation of cancerous cells in EAC-inoculated mice compared with MG (intraperitoneal treatment).
Notes: (A) Comparison of Nano-MG with bare MG in EAC-inoculated mice. 1×106 cells were inoculated and treated intraperitoneally with various doses of drug after 
24 hours of inoculation. Day of inoculation was considered as day 0. Control groups received only normal saline. The dose of MG were 10 mg, 100 mg and Nano-MG was 
0.25 mg. A total of 14 injections were administered in 2 weeks. Each point represents the mean of four experiments. (B) Photographs (on day 18) of above mentioned EAC-
inoculated mice after administration of Nano-MG and MG via intraperitoneal route. (C) Tumor growth inhibition of EAC cells in mice with Nano-MG via intraperitoneal 
route started at different time intervals (24, 48, and 72 hours). 3×106 cells were inoculated in each mouse. Day of inoculation was considered as day 0. Control groups 
received only normal saline. The dose of Nano-MG was 0.5 mg. Ascorbic acid and Creatine fed orally. A total of 14 injections were administered in 2 weeks. Each point 
represents the mean of four experiments. Doses are in mg/kg body weight/day. Arrows (↓) indicate the administration of drug. (D) Corresponding photographs of mice 
taken on day 18.
Abbreviations: EAC, Ehrlich ascites carcinoma; MG, methylglyoxal; Nano-MG, MG-conjugated chitosan nanoparticles. 

80 times lower dose. The intravenous route is preferable from 

the therapeutic point of view. 

It is very much critical for an anticancer drug to be 

able to combat solid tumor. The Nano-MG-based drug 

formulation also showed an excellent result in the case 

of solid tumor (in the sarcoma-180 model). Intravenous  

treatment with this drug reduced the tumor size nearly three 

times more than bare MG treated and eight times more than 

in the untreated mice.

It has also been reported that creatine and its analog 

cyclocreatine have anticancer properties.37,38 Moreover, it 

is reported in the literature that ascorbic acid augments the 

anticancer effects of MG.9 Considering these facts and the 

beneficial effects of creatine and ascorbic acid, we included 

them in the treatment regimen along with Nano-MG. In every 

case of our in vivo treatments, ascorbic acid and creatine 

acted synergistically with Nano-MG and bare MG in agree-

ment with our previous observation.29

Conclusion
In a nutshell, we can conclude that Nano-MG prepared by 

nanofabrication of chitosan polymer with MG has excellent 

anticancer activity that is augmented by creatine and ascor-

bic acid. This formulation is a potential candidate for the 
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Figure 9 Tumor growth inhibition in solid tumor-bearing mice inoculated with sarcoma-180. 
Notes: (A) Intravenous treatment with Nano-MG and MG. (B) Corresponding photographs of mice on day 35. (C) Survival curve of untreated (control) and MG- and Nano-
MG-treated sarcoma-180 tumor-bearing mice. (D) Histological examination of normal skeletal muscle/tumor of mouse (on day 35 after receiving 25 treatments) stained 
with hematoxylin and eosin. Doses are in mg/kg body weight/day. 3×105 cells were inoculated in the left hind leg of each mouse to develop solid tumor. Treatment (via 
intravenous route) was started after 24 hours and 25 injections were administered at five doses/week in 5 weeks. Ascorbic acid and creatine fed orally. Day of inoculation 
was considered as day 0.
Abbreviations: MG, methylglyoxal; Nano-MG, MG-conjugated chitosan nanoparticles.

××

Figure 8 Intravenous treatment with Nano-MG at various doses and comparison with MG treatment in Ehrlich ascites carcinoma cell-inoculated mice.
Notes: (A) Treatment with different doses of Nano-MG. (B) Comparison of Nano-MG with MG. (C) Corresponding photographs of mice on day 15 (treated via iv route). 
1×106 cells were inoculated in each mouse and treatment (via iv route) was started after 24 hours. Fourteen consecutive injections were administered. Ascorbic acid and 
creatine fed orally. Each point represents the mean of four experiments. Day of inoculation was considered as day 0. Doses are in mg/kg body weight/day.
Abbreviations: iv, intravenous; MG, methylglyoxal; Nano-MG, MG-conjugated chitosan nanoparticles. 
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development of better anticancer therapeutics and might open 

up a new avenue in the treatment of cancer. 
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Supplementary materials

Figure S1 Cytotoxic effect of bare MG and Nano-MG on HBL-100 cell lines at different time intervals.
Notes: Time-dependent study with HBL-100 cell line at increasing doses of (A) bare MG (1,000, 1,250, and 1,500 µM) and (B) Nano-MG (37.5, 50, and 62.5 µM), evaluated 
by MTT assay.
Abbreviations: MG, methylglyoxal; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Nano-MG, MG-conjugated chitosan nanoparticles. 
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Figure S2 Cytotoxic effect of Nano-MG and MG at different concentrations on human lung cancer cell line A549. 
Notes: (A) Morphological changes as evaluated by phase-contrast microscopy in A549 cells after 24 hours’ treatment with different concentrations of MG (1,250, 1,500 
and 2,000 µM) and Nano-MG (75, 87.5, and 100 µM). Cytotoxic activity determined by MTT assay for A549 cells treated with varying concentrations of MG (250, 500, 750, 
1,000, 1,250, 1,500, and 2,000 µM) and Nano-MG (12.5, 25, 37.5, 50, 62.5, 75, 87.5, and 100 µM) at (B) 24 hours and (C) 48 hours posttreatment. Each value represents the 
mean ± standard deviation. IC50 values are denoted by asterisks (*).
Abbreviations: MG, methylglyoxal; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Nano-MG, MG-conjugated chitosan nanoparticles; IC50, half-
maximal inhibitory concentration.
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Table S1 Efficacy study of Nano-MG (at various doses), ascorbic acid, and creatine and comparison with bare MG

Doses (mg/kg body weight/day) Number of EAC cells (×106)a

Nano-MG Ascorbic acid Creatine MG Day 9 (after 8 doses)
– – – – 447±17.3
– 50 150 – 398±15.6
0.125 – – – 38±3.28
0.125 50 – – 21±2.6
0.125 50 150 – 6±1.1
0.25 – – – 13.3±2.18
0.25 50 – – 8.05±1.07
0.25 50 150 – 1.5±0.18
0.5 – – – 8.9±1.15
0.5 50 – – 5.05±1.07
0.5 50 150 – 1.01±0.08
– – – 20 32±4.1
– 50 150 20 29±3

Notes: Day of inoculation was considered as day 0. Treatment started after 24 hours after inoculation. Each group contained six mice who received Nano-MG or MG via 
intravenous routes. Ascorbic acid and creatine were fed orally. Experiments were repeated four times. aThe numbers of viable EAC cells were counted in a hemocytometer 
using the trypan blue dye exclusion method.
Abbreviations: EAC, Ehrlich ascites carcinoma; MG, methylglyoxal; Nano-MG, MG-conjugated chitosan nanoparticles.
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