dvanced glycation end products (AGES)
formed through nonenzymatic glycation

results in diseases including diabetic
complications, Alzheimer’s disease and
atherosclerosis etc. The development of novel
antiglycating agents has thus become an
important area of research. In our present

wWOor

K, we have reported the inhibitory activity

of morin loaded PLGA NPs (MPNPs) on the
D-ribose induced glycation of human serum
albumin (HSA) based on spectroscopic studies.
MPNPs were characterized by spectroscopic

and

microscopic techniques. HSA was

incubated with ribose at 37 °C for one month
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and the formation of AGEs was confirmed from
fluorescence studies, the increase in absorbance
and the measurement of free amino groups.
Further HSA and ribose mixtures incubated
with MPNPs showed significant reduction in

the extent of advanced glycation end product
formation that were confirmed by UV-Vis and
fluorescence spectroscopy and matrix-assisted
laser desorption/ionization time-of-flight (MALDI-
ToF) techniques. The structural changes
induced by MPNPs were further confirmed by
circular dichroism studies. Our findings suggest
that MPNPs have the potential to be used
antiglycating agents.
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Introduction

Protein glycation is a non-enzymatic reac-
tion between carbonyl groups of reduc-
ing sugars and the free amino groups of
proteins. It is also commonly known as
the Maillard reaction or browning reaction
and passes through early, intermediate and
advanced stages. In the early stage, car-
bonyl groups of reducing sugars react with
the free amino groups of proteins to form
reversible unstable Schiff bases. The Schiff
bases then undergo Amadori rearrangement
which leads to the formation of intermediate
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products, termed as Amadori products.' The
Amadori products undergo further oxidation,
dehydration and fragmentation which cause
the formation of reactive oxygen species
(ROS) and reactive carbonyl compounds.
As they continue to react with amino groups
of proteins, they lead to the formation of
brown, fluorescent, insoluble, irreversible
and heterogeneous compounds known as
advanced glycation end products (AGEs).?®
AGEs are considered to be a marker of
several severe diseases such as arterioscle-
rosis, renal failure and neurodegenerative

diseases including Alzheimer’s disease
and Parkinson’s disease,*® but they also
increase during the normal aging”® process.
AGEs are generally formed in the body in
excess during aging and diabetes mellitus,
the latter usually caused by a high level of
glucose.

Protein glycation generally occurs in pres-
ence of several reducing sugars. Glucose,
galactose?, sialic acid™, mannose'", glucose
6-phosphate', glyceraldehydes'®, and fruc-
tose' have been used in vitro as glycating
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agents. Glucose has been commonly used
by several researchers because of its abun-
dancein cells of nearly all living organism and
its association with diabetic complications.
Though the effect of glucose on protein gly-
cation has been studied extensively, ribose
has received much less attention in protein
glycation. Ribose is a naturally occurring
sugar, present in all living cells. It has been
reported that the amount of ribose present
in the body is ~16 mg of ribose per litre of
blood (~100 pM)*™ and the concentration of
free ribose in human blood plasma is found
tobe ~7 UM (0-17 pM)."® Gross et al. reported
the average steady state serum ribose level
ranged between 4.8 mg/ 100 ml (83 mg/
kg/h for oral administration) and 81.7 mg/100
ml (222 mg/kg/h for intravenous adminis-
tration)."” Ribose is also a major component
of many important biomolecules such as
riboflavin (i.e., vitamin B2), ribonucleic acid
(RNA), and adenosine tri-phosphate (ATP).
As ribose is a reducing sugar, it can easily
react with proteins to form glycated deriv-
atives. It has been observed that ribose is
much more reactive than glucose and other
reducing sugars in the formation of AGEs."81°
In addition, ribose induces faster glycation
over glucose in serum albumin due to its
larger fraction of the open-chain form. It has
been already reported that glycation in pres-
ence of glucose requires a relatively longer
time? compared to glycation in presence of
ribose, which results in the rapid formation
of AGEs.

Several compounds are known to inhibit
the glycation of proteins. Examples of AGE
inhibitors include aminoguanidine?!, aspi-
rin?, vitamin B,?*, taurine®, quercetin®®and
ibuprofen which are able to inhibit AGE
formation during the incubation of proteins
with glucose in vitro. Identifying compounds
having inhibitory activity in the formation
of AGEs will help in the prevention of dia-
betic and other pathogenic complications.
However, there are limited reports of the
use of nanoparticles as inhibitors of protein
glycation. Seneviratne et al. reported the
effect of gold nanoparticles (GNPs) on the
non-enzymatic glycation of human serum
albumin.?” Silica-based cerium (lll) chloride
nanoparticles are also able to prevent the
glycation of a-crystallin.® In both cases, gold
nanoparticles and silica-CeCl, nanoparticles
react with the free amino groups of HSA
and a-crystallin respectively and protect
them from glycation. The increased use of
nanoparticles for therapeutic use has gen-
erated interest in the search for compounds
that can inhibit glycation in addition to those
already mentioned.

Flavonoids are of current interest in

research?®® pecause of their multifarious
biological and pharmacological properties
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apart from their antioxidant properties.
Fruits, vegetables, and beverages are the
main dietary sources of flavonoids.3"?Morin
is one of the commonly found dietary flavo-
nols. It possesses several biological activ-
ities like antioxidant,®¥34 antiproliferative,3®
anticancer,®® and anti-inflammatory.37.38:3°
Inhibitory activities of naturally occurring
flavonoids including morin, in the formation
of AGEs have been reported in previous
studies.**4' However, the poor aqueous sol-
ubility of the flavonoids limits its application
in biological and pharmaceutical fields.*?
To overcome these issues, morin loaded
polylactic-co-glycolic acid nanoparticles
(MPNPs) have been prepared* to enhance
the solubility and bioavailability of morin
wherein PLGA acts as a carrier. Based on
this background information and consider-
ing the role of HSA in our natural immune
system, we have monitored the inhibitory
effect of morin loaded PLGA NPs on non-en-
zymatic glycation of HSA in the presence of
D-ribose (ribose). The formation of glycated
HSA (gHSA) has been monitored for a time
period of one month in presence of ribose at
physiological temperature and pH. Several
spectroscopic techniques such as UV-Vis,
fluorescence, circular dichroism and MALDI-
ToF measurements have been employed for
this study. The inhibitory effect of MPNPs
on the formation of advanced glycation end
products (AGEs) has also been investigated
in addition to its effect on HSA glycation.

Experimental methods

Materials

Human serum albumin (HSA), morin
hydrate, polylactic-co-glycolic acid (PLGA),
polyvinyl alcohol (PVA) were purchased
from Sigma Chemical Co. (St. Louis, USA)
and all other analytical grade reagents were
obtained from SRL, India. The concentration
of HSA was measured spectrophotometri-
cally (UV Shimadzu 1800) by dissolving the
protein in 20 mM phosphate buffer of pH 7.0
using a molar extinction coefficient of 35500
M cm™ at 280 nm.

Milli-Q grade water was used for all exper-
iments. All experiments have been per-
formed at least three times.

Methods
Preparation of morin loaded PLGA NPs
(MPNPs)

We have prepared morin loaded PLGA
NPs by a solid in oil in water (S/O/W) emulsifi-
cation technique** with minor modifications.
Briefly, 100 mg of PLGA was dissolved in
3 ml ethyl acetate and incubated at room
temperature for 2 h. 20 mg of morin was
then added to the solution and sonicated for
2 min in a bath sonicator (Oscar Ultrasonic
Cleaner, Microclean-101). The organic phase
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containing morin and PLGA in ethyl acetate
was then added dropwise to 6 ml of the
agueous phase containing PVA solution. The
stirring was continued for 24 h and finally the
prepared NPs were centrifuged and washed
with Milli-Q water. The same technique has
been used to prepare PLGA nanoparticles.

Characterization of nanoparticles

The NPs were characterized by spec-
troscopic and microscopic techniques.
UV-Vis experiments (UV-1800, Shimadzu)
were performed at 25 °C in the range of
200-600 nm. FTIR spectra of NPs were
obtained from a Spectrum BX FTIR (Perkin
Elmer) equipped with a Lithium Tantalate
(LiTaO,) detector and a KBr beam splitter at
room temperature. The resolution used was
4 cm™ and the scanning range was from
4000-400 cm™. The morphology of the NPs
was monitored by field emission scanning
electron microscopy (FESEM) and atomic
force microscopy (AFM). For FESEM, one
drop of sample was placed on a glass slide,
dried in air and then scanned in a NOVA
NANOSEM 450 operating at 10 kV. For AFM
measurements, the sample was placed on
a freshly cleaved mica foil, air dried and the
images taken using Agilent Technologies,
Model 5500 in tapping mode using a silicon
probe cantilever of 215-235 um length, at a
resonance frequency of 146-236 kHz, and a
force constant of 21-98 N/m. To determine
the size of the NPs, dynamic light scatter-
ing (DLS) studies were performed using a
Malvern Nano ZS instrument employing a 4
mW He-Ne laser (A = 632 nm), with a scat-
tering angle of 173°.

In vitro glycation of HSA

The glycated HSA (gHSA) was prepared in
vitro as described earlier.® The human body
normally contains 0.53-0.75 mM of serum
albumin under physiological conditions.*6
Briefly, gHSA was prepared by incubating
0.6 mM HSA with 50 mM of D-ribose in 100
mM phosphate buffer of pH 7.4 at 37 °C. To
prevent bacterial growth during incubation,
sodium azide (1 mM) was used as a preserv-
ative and added to the above solution. The
samples were then incubated in the dark
under sterile conditions for a time period
of one month. 100 pl aliquots from each
sample were withdrawn at 7, 14, 21 and 28
days of incubation and the Amadori adduct
level measured.

Detection of glycated products by
UV-Vis spectroscopy

UV-Vis absorption spectra of native HSA
and gHSA were obtained using a UV-Vis
spectrophotometer (UV Shimadzu 1800).
The experiment was performed using a
quartz cuvette of 1 cm path length at 25 °C
at wavelengths ranging from 200 to 600 nm.
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Detection of AGE-specific fluorescence
The formation of AGEs of gHSA was
monitored by fluorescence spectroscopy.
The fluorescence emission spectra of the
samples collected at 7, 14, 21 and 28 days
of incubation were recorded in a Horiba
Jobin Yvon Fluoromax-4 spectrofluorimeter
using a 1 cm quartz cell. The formation of
AGEs was monitored by measuring the
fluorescence of the samples at 430 nm
upon excitation at 350 nm. The formation of
Argpyrimidine and malonaldialdehyde were
monitored by recording the emission spectra
of the samples using excitation wavelength
values of 320 nm and 370 nm respectively.
The excitation and emission slit widths were
set at 5 nm and integration time was 0.3 s.

Preparation of reaction incubation
mixtures

To test the effects of MPNPs on the glyca-
tion of HSA by D-ribose, we have incubated
different concentrations of MPNPs with HSA
and ribose in 100 mM phosphate buffer
of pH 7.4 at 37 °C. These samples were
also incubated under similar condition for
one month as described earlier and 100 pl
aliquots from each sample were taken at 7,
14, 21 and 28 days of incubation to check
the Amadori adduct level. When MPNPs
were replaced with phosphate buffer, the
mixture was termed as a negative control,
the replacement of ribose with phosphate
buffer provided the sample blank and when
both ribose and MPNPs were replaced with
phosphate buffer the mixture corresponds
to the overall control (blank).

The amount of ribose covalently bound
to HSA (phenol-sulfuric acid method)
A phenol-sulfuric acid method has been
carried out to monitor the amount of ribose
covalently bound to HSA. Briefly, samples
were first mixed with concentrated H,SO,
and 5% phenol in water. The reaction mix-
tures were then incubated at 90 °C for 5
min and then cooled to room temperature.
The absorbance of the samples was then
recorded at 490 nm using UV-Vis spectro-
photometer. The inhibitory effect of NPs was
then calculated using the following equation:

A1 - A3

Az - A4

where A, is the absorbance of treatment
group containing gHSA and MPNPs, A, is
the absorbance of negative control contain-
ing gHSA, A, is the absorbance of sample
blank containing HSA and MPNPs, A, is the
absorbance of blank containing HSA only.

Inhibitory rate (%) = 1— X 100

Determination of fructosamine (NBT
assay)

The nitroblue-tetrazolium (NBT) assay*#®
was performed to measure the amount
of fructosamine, the Amadori product. In

www.asiachem.news

brief, gHSA and gHSA treated with MPNPs
were incubated with NBT reagent (0.5 mM)
in carbonate buffer (100 mM, pH = 10.4) at
37 °C for 15 min. NBT is reduced by fruc-
tosamine to obtain a colored reactant, hav-
ing maximum absorption at 530 nm, which is
recorded using a UV-Vis spectrophotometer
(UV Shimadzu 1800). The percent inhibition
of fructosamine formation by the MPNPs
was calculated using the following equation:

-4
1 "3%100

A
Inhibitory rate (%) =1 —

AZ 4
where A, is the absorbance of treatment
group containing gHSA and MPNPs, A, is
the absorbance of negative control contain-
ing gHSA, A, is the absorbance of sample
blank containing HSA and MPNPs, A, is the
absorbance of blank containing HSA only.

Fluorescence measurement of gly-
cated protein

The aliquots of samples were collected at
7,14, 21 and 28 days of incubation. The flu-
orescence emission spectra were recorded
in a Horiba Jobin Yvon Fluoromax-4 spec-
trofluorimeter using a 1 cm quartz cell. The
fluorescence intensity of the samples was
measured at the excitation wavelength of
350 nm and emission wavelength of 430
nm. The percentage of inhibitory rate was
calculated using the following equation

. F—-F
Inhibitory rate(%) = 1 — X 100
Fz - F4,

where F, is the fluorescence of treatment
group containing gHSA and MPNPs, F, is
the fluorescence of negative control contain-
ing gHSA, F, is the fluorescence of sample
blank containing HSA and MPNPs and F is
the fluorescence of blank containing HSA
only.

Measurement of free amino group con-
tent (OPA assay)

To determine the available amino groups
in HSA and gHSA in presence and absence
of MPNPs, the o-phthalaldehyde (OPA)
assay was carried out as described earlier*®
with minor modifications. In brief, the OPA
reagent was freshly prepared by mixing 10
ml of 50 mM carbonate buffer pH 10.5, 5 pl of
B-mercaptoethanol and 5 mg of OPA in 100
ul ethanol and kept in the dark. The samples
were then mixed with the OPA reagent and
incubated for 2 min at room temperature.
The absorbance was then recorded at 340
nm using a UV-Vis spectrophotometer (UV
Shimadzu 1800).

Zeta potential measurements

Zeta potential measurements were carried
out to monitor the surface charge of MPNPs
and HSA bound MPNPs. The analysis was
performed using Malvern ZetaSizer Nano ZS
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instrument at a scattering angle of 173° at 25
°C. The data presented here is the average
of three independent readings.

Matrix-assisted laser desorption/ioni-
zation time-of-flight (MALDI-ToF) mass
spectrometry

The mass of HSA, gHSA and gHSA
treated NPs were detected using MALDI-
ToF mass spectroscopy. This method has
also been used to speculate the possible
number of sugar moieties attached to the
protein. MALDI-ToF was performed in a
Bruker Daltonics Ultraflex

MALDI-ToF/ToF Mass Spectrometer
(Germany), using a linear acquisition
mode with 3500 shots. The matrix used
for MALDI-ToF experiment was prepared
by dissolving 20 mg/ml sinapinic acid
(8,5-dimethoxy-4-hydroxycinnamic acid) in
50:50 v/v water and HPLC grade acetonitrile
containing 0.1% TFA (trifluoroacetic acid) just
before the experiment. The samples were
then mixed with the matrix solution (1:1 ratio)
and a drop of each sample was spotted on
the steel plates. The samples were then left
to dry for 6 h and the scanning done using
an accelerating voltage of 20 kV with an
acquisition mass range over an m/z from
30-210 kDa.

Circular dichroism experiments

Far UV-Circular dichroism (CD) experi-
ments were performed to observe changes
in secondary structure of HSA, gHSA and
gHSA treated with MPNPs. CD analyses
were carried out in a Jasco J-815 spec-
trometer using a 1 cm path length quartz
cuvette. The spectra were obtained in the
far UV region between 190 to 240 nm at
a scan rate of 50 nm/min and a response
time of 4 s keeping the concentration of
protein fixed at 2 yM. DICHROWEB, an
online server®® has been used to estimate the
protein secondary structure content. A 20
mM phosphate buffer (pH 7.4) solution was
used as the blank to normalize the baseline
of each reading.

Results and discussion

Preparation and characterization of
nanoparticles

To study the antiglycation effect of nano-
particles on protein glycation, we have pre-
pared morin loaded PLGA NPs (MPNPs) and
characterized them via UV-Vis spectroscopy,
FTIR, FESEM, AFM and DLS (Figure 1). From
the UV-Vis spectroscopy study, the two
major absorption peaks of morin were found
at 351 nm (due to the cinnamoyl moiety) and
264 nm (due to the benzoyl moiety) but the
peak at 351 nm of morin shifted to 393 nm
after the formation of NPs. The presence of
both the peaks of morin in the prepared NPs
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Figure 1. Characterization of morin loaded PLGA NPs (i) UV-Vis absorption spectra (ii) FTIR spectra (iij) FESEM and AFM images

(iv) DLS measurements.

confirms the unaltered chemical structure of
morin after encapsulation. The FTIR spec-
trum of PLGA exhibits several characteristic
peaks around 1757 cm™ (due to the C=0
stretching frequency), 1044 cm™ and 1248
cm’ (due to the C-O stretching frequency).
Morin shows a strong intensity band at 3374
cm™ (due to the —OH group). The bands at
1613 cm™, 1509 cm™ and 1461 cm™ are
assigned to the C=C stretching vibration in
the aromatic ring. The —-COH deformation
vibration is observed at 1307 cm™* and bands
at 1250 cm™and 973 cminvolve the -C-OH
stretching vibration. The spectra of morin
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loaded PLGA NPs shows the characteristic
peaks of morin with aimost negligible shifts
at 1621, 1510, 1458, 1306 and 972 cm™" and
the specific functional groups of PLGA in
the prepared NPs have almost the same
characteristic peaks of pure PLGA. Thus,
from FTIR analysis, it appears that morin is
entrapped within the PLGA matrix without
altering its chemical structure. This result
is also in agreement with the finding that
has been shown from our laboratory, where
fisetin loaded human serum albumin (HSA)
nanoparticles showed similar results.

The morphology of the NPs was then
visualized by field emission scanning elec-
tron microscopy (FESEM) and atomic force
microscopy (AFM) which are shown in Figure
1 (iii). FESEM images revealed that NPs
were homogeneous, smooth and spheri-
cal in morphology. AFM images also con-
firmed the smooth topography of the NPs.
The sizes of the NPs were determined by
dynamic light scattering (DLS) from which
it was found the average size of PLGA NPs
is 13149 nm and that of morin loaded PLGA
NPs is 237+17 nm.
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Figure 2. UV-Vis absorption spectra of HSA and glycated HSA; Hump at 340 nm
indicating the formation of AGEs.

Characterization of glycated HSA

HSA was incubated with and without
D-ribose for 28 days at 37 °C. After 28
days of incubation, a distinct brown color
observed for ribose modified samples which
indicates that there is an involvement of the
Maillard reaction. HSA showed a character-
istic peak at 280 nm whereas gHSA showed
an increase in absorbance at 280 nm and a
hyperchromicity of 27% was observed. HSA,
incubated without sugar does not show
any absorbance in between 300-400 nm
whereas HSA incubated with ribose shows
absorbance near 340 nm. The appearance
of a small hump at 340 nm (Figure 2) in
gHSA also indicates the formation of AGEs.
Previous reports have also shown that the
formation of AGEs results in an increase in
absorbance in the range (300-400) nm.%2%3

To monitor the presence of different kinds
of advanced glycation end products (AGESs)
fluorescence spectroscopic techniques
have been employed. The different AGEs
such as Argpyrimidine, and malonaldialde-
hyde were distinguished by recording their
emission intensities at 410 nm (A, 320 nm)
and 450 nm (A, 370 nm) respectively (Figure
3). The fluorescence emission intensities of
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Figure 3. Fluorescence emission spectra of formation of (a) argpyrimidine, (b) malonaldialdehyde and (c) other AGEs after the

glycation over 30 days. Aex = 320, 370 and 350 nm for (a), (b) and (c) respectively.
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other different AGE products were moni-
tored by taking their emission intensities at
430 nm upon excitation at 350 nm (Figure 3).
These observations confirm the formation of
AGEs by the reaction of protein with ribose.

Figure 4 (a) shows the trends in fluores-
cence intensities of HSA incubated with
ribose at different time intervals. An increase
in fluorescence intensity with increasing time
of incubation indicates that the formation
of AGEs increases with increase in incuba-
tion time. We have also found a noticeable
decrease in the Trp fluorescence intensity (~
62%) in gHSA (Figure 4b) which is similar to
the result that has been described earlier.5

Inhibitory effect of NPs on protein
glycation

The main objective of the present inves-
tigation was to explore the use of NPs as
suitable AGEs inhibitor by providing proper
evidences. Figure 5 shows the schematic
representation of the inhibitory effect of
MPNPs on protein glycation. Protein glyca-
tion generally passes through early, interme-
diate and advanced stages. In this regard,
the inhibitory effect of NPs in different stages
was distinguished by calculating the amount
of ribose covalently bound onto HSA, forma-
tion of fructosamine and other fluorescent
products after incubation at different con-
centrations of NPs with HSA and ribose at
37 °C for 28 days.

UV-Vis spectroscopy

HSA, incubated without sugar showed
a characteristic peak at 280 nm whereas
gHSA showed an increase in absorbance at
280 nm. Figure 6 shows the UV-Vis spectra
of HSA and gHSA in presence and absence
of different concentrations of MPNPs incu-
bated for 28 days in 100 mM phosphate
buffer pH 7.4 at 37 °C. As shown in Figure
6, we have observed that gHSA incubated
with the different concentrations of MPNPs
has lower absorbance than that of gHSA
which suggests that MPNPs are able to
inhibit glycation.

Phenol-sulfuric acid assay

Initially the carbonyl group of ribose is
covalently bound with the free amino groups
of HSA. The extent of protein glycation is
thus affected by the amount of ribose cova-
lently bound to HSA. The phenol-sulfuric
acid assay was performed to determine the
amount of ribose covalently bound to HSA.
According to this method, carbohydrates like
simple sugars, oligosaccharides, polysac-
charides, and their derivatives react in pres-
ence of concentrated sulfuric acid and heat
to produce furan derivatives. In presence of
phenal, the furan derivatives produce stable
yellow gold colored compounds (Figure 7)
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Figure 7. Mechanism of Phenol-sulphuric
acid assay.

which show maximum absorbance at 490
nm. From this assay, we have observed that,
there is an increment in the absorbance of
HSA at 490 nm after incubation with ribose,
indicating that HSA interacts with ribose and
protein glycation occurs. However, MPNPs
decrease the absorbance at 490 nm. The
inhibitory rate of ribose covalently bound
to HSA in presence of MPNPs is given in
Figure 8. The results show that the percent-
age of inhibition increases with increase in
concentration of MPNPs. MPNPs at a con-
centration of 50 pg/ml shows 73+1.5% inhi-
bition whereas 500 ug/ml of MPNPs shows
87+0.9% inhibition. Thus, inhibition occurs in
a dose dependent manner and NPs are able
to inhibit protein glycation at the early stage.

increases with increase in concentration
of MPNPs in both cases. The inhibitory
rate of fructosamine formation and fluores-
cent products formation is 43+2.4% and
54+2.0% respectively at 500 ug/ml conc. of
MPNPs. Figure 10 shows the histogram of
fluorescence intensities of AGEs formation
of HSA and gHSA in absence and presence
of different concentrations of MPNPs at
different time intervals. We have observed
that AGEs formation increases with increase
in incubation time. The results also suggest
that inhibition occurs in a dose dependent
manner.

Thus, by calculating (i) the amount of
ribose bound to HSA (in the early stage); (i)
fructosamine formation (in the intermediate
stage) and (jii) fluorescent product formation
(in the advanced stage), we have observed
the inhibitory role of NPs on protein glycation
at different stages. To analyze the effect
of MPNPs in the various stages of protein
glycation, we have also determined the
increase in inhibitory rate at each stage. The
increase in inhibitory rate at each stage is
denoted as OF, &I, 6A where &E represents

the inhibitory rate of ribose, ol represents
the (inhibitory rate of fructosamine - that
of ribose) and 6A represents the (inhibitory
rate of fructosamine - that of fluorescent
products). The calculated &E, &I, 6A values
are shown in Table 1 and we observed that
OE > 6A > &l at all concentrations.

This implies that MPNPs inhibit protein
glycation mostly at the early stage, then at
the advanced stage but there is no effect
at the intermediate stage which means that
MPNPs are unable to stop the rearrange-
ment of Schiff bases into Amadori products.
Our observation is also in agreement with
the previous results®®%¢57 where it has been
shown that aminoguanidine, Se NPs and the
ethyl acetate extract of Teucrium polium act
as antiglycating agents but fail to inhibit the
formation of Amadori products.

Free amino group detection

We have determined the available amino
groups in HSA and gHSA in presence and
absence of MPNPs by o-phthalaldehyde
(OPA) assay. As shown in Figure 11, we
have observed that there is a reduction
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Figure 8. The inhibitory rate of ribose covalently bound to

HSA in presence of MPNPs.

Determination of fructosamine and
fluorescent products

The formation of fructosamine was deter-
mined by a nitroblue-tetrazolium (NBT)
assay. Thisis a colorimetric test-based assay
where NBT in an alkaline solution is reduced
by fructosamine to form a colored mono-
formazan dye which gives an absorption
maximum at 530 nm. Fluorescence spec-
troscopy was used to observe the formation
of AGEs that are fluorescent products. We
have calculated the inhibitory rate of MPNPs
on the formation of fructosamine and the
fluorescent products using the formulae
stated above. As shown in Figure 9, we have
observed that the percentage of inhibition
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Figure 9. Inhibitory effect of MPNPs on the formation of

fructosamine and fluorescent products.
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Table 1. Increase of inhibitory rate in each stage of glycation

Concentration of

(-) (-) (-)
MPNPS (ug/mi) 3E (%) 3l (%) 3A (%)
50 73+1.5 -65+2.3 9+3.3
100 78+11 -61+2.6 11+17
250 83+1.2 -52+1.7 13+2.6
500 87+0.9 -43+2.7 10+0.8
0.8 -
E 0.6 b
c
o
<
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Figure 11. Protective effect of MPNPs on the available amino groups in HSA.

in the absorbance at 340 nm in case of
gHSA than HSA. However, the presence
of MPNPs results in an increase in absor-
bance at 340 nm. The measurement of
free amino groups (Figure 11) indicates
that there were approximately 50% less
free amino groups in gHSA than in HSA.
However, the presence of MPNPs helps in
protecting the free amino groups of HSA
from reacting with ribose, thereby prevent-
ing AGE formation.

Proposed mechanism for the inhibitory
effect of MPNPs in the early and inter-
mediate stage

When the nanoparticles enter into body,
they come in contact with the protein pres-
ent in plasma and the protein immediately
binds on the surface of the nanoparticles.
Human serum albumin (HSA) is one of
the most abundant plasma proteins. At
experimental pH (pH 7.4), HSA (pl ~4.9) is
negatively charged. Instantaneous protein
adsorption generally causes a small incre-
ment in the particle size. Further the zeta
potential of NPs is also shifted towards the
positive value after the adsorption of protein
onto the nanoparticles. MPNPs and HSA-
MPNPs complex showed negative surface
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charge of around —27+2 mV and -20+1 mV
respectively. A noticeable increase in the
zeta potential of HSA-MPNPs complex and
a slight increase in the size of HSA-MPNPs
complex indicate that HSA is adsorbed on
the surface of MPNPs. In the early stage,
a Schiff base is formed between the free
amino group of HSA and the carbonyl group
of ribose. However, in presence of MPNPs,
HSA is adsorbed on the surface of NPs
before formation of the Schiff base with
ribose which simultaneously inhibits protein
glycation. This is further confirmed through
an FTIR technique.

Figure 12 shows the FTIR spectra of col-
lected MPNPs after centrifugation, MPNPs
and HSA. For HSA, the peaks at 1654 cm,
1540 cm™ and 1385 cm ™ are assigned to the
Amide | band (due to the C=0 stretching fre-
quency), Amide Il band (due to C-N stretch-
ing coupled with N-H bending) and Amide
[l band (due to C-N stretching vibrations)
respectively. The spectra of morin loaded
PLGA NPs show characteristic peaks at
1621 cm™, 1510 cm™, 1458 cm™, 1306 cm
and 972 cm™ whereas in the spectrum of
the collected NPs after centrifugation a
new peak around 1655 cm™ and 1438 cm’*
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appear which is the indication of the inter-
action of C=0 and C-N groups of HSA and
MPNPs. In addition, the peaks of -NH at
3081 cm™ and 1540 cm™ in HSA disappear
in the spectrum of collected MPNPs which
indicates the interaction between surface of
MPNPs and —-NH groups in HSA. From these
results, we can

conclude that MPNPs can bind to the free
amino groups of HSA and most likely protect
them from glycation in the early stages as
mentioned earlier.

A number of studies have reported that
in the presence of the oxygen superoxide
radical, anions are formed from Amadori
products by glycoxidation. 5859961 From pre-
vious reports, it is clear that ROS are not only
formed during the advanced stage of glyca-
tion but is also the cause for which further
glycation occurs. It has also been reported
that compounds having antioxidants and
radical scavenging properties are able to
inhibit protein glycation.62636465 \We have
shown that MPNPs have free radical scav-
enging activity against DPPH free radicals,
which help us to conclude that the inhibition
of formation of AGEs during the advanced
stage of glycation may be because of the
radical scavenging property of MPNPs.

Determination of the number of
attached ribose moieties: MALDI-ToF
studies

MALDI-ToF spectroscopy experiment was
carried out to determine the number of
ribose moieties attached to HSA (Figure
13). The number of sugar moieties attached
during glycation can be calculated based
on the following equation: number of sugar
adducts = (molar mass of glycated protein -
molar mass of native protein)/molar mass of
sugar. The MALDI-ToF spectra of native HSA
showed a wide band centered at an m/z of
66507 Da and that of glycated HSA exhib-
ited a narrow band centered at an m/z of
67631 Da. There is an increase in mass shift
of 1124 Da in case of gHSA which means
that 7 ribose moieties are attached to HSA
during the process of glycation. However, a
significant decrease in the mass shift of HSA
occurs when MPNPs were added to gHSA.
The results showed that there is a noticeable
decrease in the number of ribose adducts
from 7 sugar molecules (control solution) to
2 (500 pg/ml MPNPs) which suggests that
MPNPs has inhibitory effect on nonenzy-
matic glycation of protein.

Secondary Structure Analysis by CD
The changes in the secondary structure
of HSA, gHSA and the glycated protein
samples in presence of different concen-
trations of MPNPs was evaluated using
circular dichroism spectroscopy in the range
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of 190-240 nm. The spectrum showed two
negative bands, one at 208 nm and another
at 222 nm, which are the characteristic fea-
tures of a-helical content of the protein. The

incubation of HSA with ribose for 28 days
results in a decrease in the a-helical content
of native HSA from 58+1.3% to 50.2+0.7%
as calculated via online server DICHROWEB
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Figure 12. FTIR spectra of (a) HSA

(b) Morin loaded PLGA NPs and (c) collected

MPNPs. Collected MPNPs are obtained through centrifugation, washing and drying
the NPs that are incubated with HSA and ribose for 28 days at 37 °C.

Table 2. Estimation of a-helical content (%) via online server DICHROWEB using
SELCON analysis program

Systems % a-helix

HSA 58+1.3
gHSA 50.2+0.7
gHSA+50 pg/ml MPNPs 511+0.3
gHSA+100 pg/ml MPNPs 51.7+0.22
gHSA+250 g/ml MPNPs 54.5:+0.19
gHSA+500 pg/ml MPNPs 57.3+0.42
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using SELCON analysis program. However,
the incubation of HSA and ribose with dif-
ferent concentrations of MPNPs further
increases the a-helical content. A compar-
ison of the CD results suggests that HSA
had the maximum a-helical content, while
gHSA showed a loss in a-helical content
upon modification by ribose. Further MPNPs
treatment protect HSA from alterations in
the secondary structure and the extent of
a-helix content exhibited less change when
incubated with 500 pg/ml MPNPs.

The CD spectra of HSA and gHSA in the
presence or absence of different concen-
trations of MPNPs are shown in Figure 14.
Table 2 shows the percentage of a-helical
content of HSA and gHSA in absence and
presence of different concentrations of
MPNPs.

Conclusion

In summary, we have investigated for the
first time the inhibitory effect of morin loaded
PLGA NPs (MPNPs) on the D-ribose induced
protein glycation. Our results showed that
MPNPs protect the free amino groups of
the model protein HSA from reacting with
ribose, thereby preventing AGE formation
and MPNPs also decreases the level of
fructosamine. During incubation of HSA
and ribose in presence of MPNPs, HSA
is adsorbed on the surface of NPs before
formation of a Schiff base with ribose which
simultaneously inhibits protein glycation. This
has been further confirmed through FTIR
studies. We have compared the increase
in the inhibitory rate in various stages and
the greatest inhibitory effect of MPNPs was
found in the early stage followed by the
advanced stage whereas there is no effect
in the intermediate stage of the glycation pro-
cedure. The incubation of HSA and ribose
with different concentrations of MPNPs
helps in increasing the a-helical content,
thereby protecting HSA from any deviation in
its secondary structure. Most of the research
in this field is carried out through in vitro
experimental studies and further investiga-
tions are warranted to explore the in vivo
efficacy of these antiglycating compounds
in suitable animal model. We believe that our
observations will be beneficial for potential
studies in the investigations of the in vivo
role of MPNPs.
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