Chapter 6 Surface modified TNPs (HA-TNPs and CS-TNPs):
Optimization, characterization and evaluation

6.1 Materials

Temozolomide (TMZ) was obtained as a gift sample from Cipla Ltd., Mumbai (India). Bovine
serum albumin (BSA), chondroitin sulphate (CS), acetic acid, sodium acetate, sodium hydroxide,
gluteraldehyde, N- hydroxysuccinimide (NHS), dialysis membrane (12000 Da cut-off), culture
media, culture plates, culture flasks and transwell inserts were purchased from Himedia (India).
Ethanol, hydrochloric acid, glacial acetic acid, phosphoric acid and N-Ethyl-N’-(3-
dimethylaminopropyl) carbodiimide HCI (EDC) were purchased from Spectrochem Pvt Ltd,
Mumbai (India). Hyaluronic acid (HA) was obtained as gift sample from Novozymes, Denmark.
Hexadecyltrimethylammonium bromide (CTAB) and trehalose were purchased from SD Fine
chemicals, Mumbai (India). HPLC grade acetonitrile and methanol were purchased from
Renkem (India). Disodium hydrogen phosphate, potassium dihydrogen phosphate, sodium
chloride, sodium acetate, sodium hydroxide, potassium sulphate, Tris-hydrochloride and
dipotassium EDTA dihydrate were purchased from SD fine chemicals Pvt. Ltd., Mumbai, India.

All other chemicals and solvents used were of analytical grade.

6.2 Equipments
e pH meter (Lab India Pvt. Ltd. India)
e Digital analytical balance (ATX224 Shimadzu, Japan)
e UV-Visible spectrophotometer (1800 Shimadzu, Japan)
e Cooling centrifuge (Remi equipment Pvt Ltd, India)
e Magnetic stirrer (Remi sci. EQuipment, India)
o Deep freezer (EIE Inst. Ltd, Ahmedabad)
e Zetasizer (Nano ZS, Malvern Itd., UK)
e Differential Scanning Calorimeter (DSC-60-Shimadzu Corporation , Japan)
e Infrared Spectrophotometer ( IR Affinity -1S,Shimadzu , Japan)
e Lyophilizer (Advantage 2.0 Bench Top Freeze Dryer/ Lyophilizer, SP Scientific, USA)
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6.3 Methods
6.3.1 Surface modification of TNPs with Hyaluronic acid (HA)

HA was conjugated with TNPs by carbodiimide chemistry. In brief, 1 mole HA was dissolved in
MES (2-(N-morpholino) ethane sulfonic acid) buffer (pH 4.7) and then EDC and NHS (2 mole
each) were added and kept under stirring for 4 h. Subsequently, the mixture was incubated with
TNPs under continuous stirring at room temperature. The conjugated HA-TNPs were collected
by centrifugation at 15000 rpm for 30 min and washed thrice with water to remove excess HA.
Percent conjugation efficiency of HA with TNPs was determined by CTAB turbidimetric method
(refer section 3.10) (1,2).

6.3.2 Surface modification of TNPs with Chondroitin sulphate (CS)

CS was also conjugated with TNPs by carbodiimide chemistry (3) Briefly, CS, EDC and NHS at
molar ratio of 1: 2: 2 were dissolved in 0.01 M MES (pH 4.7) to activate carboxylic groups of
CS. Subsequently, TNPs were added in the mixture (CS: TNPs ratio = 1:1 w/w) and kept under
continuous stirring for 12 h at RT. The conjugated CS-TNPs were separated by centrifugation at
15,000 rpm for 30 min and washed thrice with water to remove unreacted materials. Percent
conjugation efficiency of CS with TNPs was determined by previously reported CTAB
turbidimetric method (1)

6.3.3 Optimization of surface modified TNPs (HA-TNPs)

Conjugation of HA with TNPs was optimized by OVAT approach on the basis of effect of
different variables like molecular weight of HA, stirring time and HA: TNPs ratio on quality

attributes like size, PDI, zeta potential and % conjugation efficiency.
6.3.4 Optimization of surface modified TNPs (CS-TNPs)

Conjugation of CS with TNPs was optimized by OVAT analysis on the basis of effect of CS:
TNPs ratio (1:1, 2:1 and 3:1) and stirring time (1 h, 2 h, 4 h and 12 h) on size, PDI, zeta potential

and % conjugation efficiency.
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6.3.5 Lyophilization of surface modified TNPs (HA-TNPs and CS-TNPs)
The surface modified TNPs (HA-TNPs and CS-TNPs) aqueous dispersion with 5 % w/w
cryoprotectant (trehalose) was lyophilized using a lab freeze-dryer (Advantage 2.0 Bench Top

Freeze Dryer/ Lyophilizer, SP Scientific, USA) as mentioned in section 5.3.5 (4).

6.3.6 Characterization of Surface modified TNPs (HA-TNPs and CS-TNPs)

6.3.6.1. Particle size and PDI determination

The particle size and PDI of Surface modified albumin nanoparticles (HA-TNPs and CS-TNPs)
were determined with a Malvern Zetasizer (Nano ZS, Malvern Itd., UK) (please refer section
5.3.6.1) (5,6).

6.3.6.2. Zeta potential determination

The zeta potential of developed HA-TNPs and CS-TNPs were measured by determining the
electrophoretic mobility using the Malvern Zetasizer (Nano ZS, Malvern Itd., UK) (please refer
section 5.3.6.2) (5,6).

6.3.6.3. DSC analysis

DSC analysis of developed HA-TNPs and CS-TNPs were carried out using a Differential
Scanning Calorimeter (DSC-60, Shimadzu, Japan) by the method described in section 5.3.6.3

(7).
6.3.6.4. FTIR analysis

FTIR spectrum of HA-TNPs and CS-TNPs were measured with a FTIR spectrophotometer (IR
Affinity -1S (Shimadzu, Japan) in range 400-4000 cm™ using a resolution of 4 cm™ (7,8).

6.3.6.5. XRD analysis

X-ray diffraction patterns of HA-TNPs and CS-TNPs were obtained using X-ray diffractometer
(RigakuUltima IV; Japan) by the method described in section 5.3.6.5 (6,7)
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6.3.6.6. Morphology

Morphology of HA-TNPs and CS-TNPs were observed using transmission electron microscope
(Philips CM200) (8).

6.3.7 Evaluation of Surface modified TNPs (HA-TNPs and CS-TNPs)
6.3.7.1. Estimation of entrapment efficiency and drug loading

TMZ entrapped in HA-TNPs and CS-TNPs were determined indirectly by measuring the amount
of free TMZ in the supernatant using UV-visible spectrophotometer (Shimadzu UV-1700 at 330
nm (7). Then percentage entrapment efficiency (% EE) and drug loading (% DL) was determined

using the formula:

Total drug —F d .
%EE = (Total drug —Free dME) & 100 vevveeveeeen, Equation 6.1
Total drug
E d d .
%DL = niraped CTug X100 Equation 6.2
Total weight of nanoparticles
6.3.7.2. In-vitro drug release

The in-vitro drug release studies were carried out using dialysis bag method at 37 °C under mild
stirring (50 rpm) (9). HA-TNPs and CS-TNPs (equivalent to 5mg drug) were taken into dialysis
bags (MWCO = 12000), and were immersed into beakers containing 30 ml sodium acetate buffer
(pH 5.5 £ 0.2). At predetermined period, 1.0 ml of sample was withdrawn and same quantity of
fresh buffer was added into the beaker to maintain sink condition. The amount of TMZ released
was determined using UV spectrophotometer at 330 nm. The obtained results were compared

with the in —vitro release profile of pure TMZ and TNPs.
6.3.8 Bio-Interactions of Surface modified TNPs (HA-TNPs and CS-TNPS)
6.3.8.1.  Interactions with plasma proteins

The interactions of HA-TNPs and CS-TNPS with plasma protein were studied to assess the bio-
stability of the prepared nanoparticles. HA-TNPs and CS-TNPs in concentration of 5 mg/ml
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were dispersed in PBS (pH 7.4) and mixed with protein solution (10% wi/v) respectively and
incubated at 37°C in orbital shaker. After 4 h, the mixture was centrifuged at 12000 rpm and
obtained pellet was redispersed in double distilled water. Then particle size and zeta potential of

nanoparticles dispersion (HA-TNPs and CS-TNPs) were measured (10,11).
6.3.8.2.  Interactions with cell culture media (DMEM)

The interactions of HA-TNPs and CS-TNPs with DMEM media were studied by dispersing HA-
TNPs and CS-TNPs (5 mg/ml) in PBS (pH 7.4) and mixed with DMEM media respectively and
incubated at 37°C in orbital shaker. After 4 h, the mixture was centrifuged at 12000 rpm and
obtained pellet was redispersed in double distilled water. Then particle size and zeta potential of

nanoparticles dispersion (HA-TNPs and CS-TNPs) were measured (10,12).
6.3.8.3.  Interactions with serum

The interactions of HA-TNPs and CS-TNPs with serum were studied by dispersing HA-TNPs
and CS-TNPs (5 mg/ml) in PBS (pH 7.4) and mixed with 50% v/v serum respectively and
incubated at 37°C in orbital shaker. After 4 h, the mixture was centrifuged at 12000 rpm and
obtained pellet was redispersed in double distilled water. Then particle size and zeta potential of
nanoparticles dispersion (HA-TNPs and CS-TNPs) were measured (11).

6.3.8.4. Haemolysis study

For haemolysis study, 1.0 ml blood sample was collected in EDTA solution (30 pul) containing
eppendorf tube from the Sprague Dawley rat by retro-orbital puncture. Blood sample was then
centrifuged at 5000 rpm for 10 min at 4 °C to separate the red blood cells (RBCs). The separated
RBC pellet was re-suspended in normal saline and plasma components were removed by
washing with normal saline (0.9 % w/w Sodium Chloride in water) 3 times before use. Then 0.5
% v/v RBCs were prepared by re-suspending RBC pellet (250 ul) in 50 ml of normal saline.
Then 1 ml of RBCs was added to plain drug suspension, HA-TNPs and CS-TNPs containing
1mg equivalent amount of TMZ dispersed in 1ml of saline. For positive and negative control,
2.0% Triton-X100 (Iml) and 0.5% DMSO was used respectively. After treatment (with drug
suspension, HA-TNPs, CS-TNPs, positive control and negative control), RBC dispersion was
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gently stirred to uniformly disperse RBCs. The treated dispersions were stored at 37°C for 30
min in incubator. After incubation, all the samples were centrifuged at 3000 rpm for 12 min at 4
°C to separate the RBC mass and the solutions were analyzed for UV absorbance at Amax of 540
nm against normal saline as a reference solution (13,14). Percentage of haemolysis was

determined using following equation:

x 100 ...... Equation 6.3

. A of sample —A of negative control
% Haemolysis = [ 540 f” p s40 Of neg ! ]
Asqo of positive control —Asyy of negative control

6.3.9 Stability studies

The stability of the lyophilized HA-TNPs and CS-TNPs were investigated by storing samples at
refrigerated condition (4°C) and at room temperature (25°C +2°C) for 3 months. At regular time
interval of 1 month, samples were withdrawn and checked for particle size, assay and zeta
potential (15-17) .

6.3.10 Statistical Data Analysis

Results are given as mean + SD. Statistical significance was tested by two-tailed Student’s t test

or one-way ANOVA. Statistical significance was set at P < 0.05.
6.4 Results and discussion
6.4.1 Conjugation of HA with TNPs (HA-TNPs)

HA was used as a targeting ligand to achieve CD44 receptor (over expressed in brain tumor
cells) mediated targeting of brain tumor. HA was conjugated with TNPs using carbodiimide
chemistry (figure 6.1). HA-TNPs optimization was done by varying single factor at a time and
observing its effect on the different quality attributes like particle size, PDI, zeta potential and %

conjugation of HA.
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Figure 6.1: Schematic representation of preparation of HA-TNPs

6.4.1.1 Effect of molecular weight of HA on conjugation

Two different grades of HA (high molecular weight and low molecular weight) were used for
conjugation purpose. For optimization, HA : NPs ratio (1:1) and stirring time for conjugation (45
min) was kept constant throughout the reaction. The results are shown in table 6.1 and figure
6.2A. High molecular weight (HMW) HA gave larger conjugated TNPs (1377 + 1.8 nm) as
compared to low molecular weight (LMW) HA (430.3 £ 1.4 nm).This may be correlated with the
fact that higher molecular weight HA have longer hydrophilic chains which expanded in water
and led to formation of larger particles. Although conjugation efficiency was found to be high
with HMW HA (88.4 % + 1.9 %) as compared to LMW HA (65.20 % + 1.6 %), LMW HA was
selected on the basis of size as size plays important role in cellular uptake and internalization.

Cellular uptake of smaller particles is more as compared to larger particles (18).
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Table 6.1: Effect of molecular weight of HA on conjugation

HA mol. ) ) ) conjugation
Particle size PDI Zeta potential o
Wi. efficiency
High 1377.0+1.7 0.522 +0.003 -43.1+1.2 88.4+19
Low 430.3+1.3 0.185 £ 0.007 -38.8 £ 0.6 65.2+15

6.4.1.2 Effect of HA : NPs ratio on conjugation

Two different HA : NPs ratios were selected to optimize HA-TNPs viz. 1:1 and 2:1. Obtained
results as shown in table 6.2 and figure 6.2B indicated that HA : NPs ratio did not have
significant effect on particle size, PDI and zeta potential but had significant effect on conjugation
efficiency. The insignificant effect of HA: NPs ratio on particle size, PDI and zeta potential can
be understood by the fact that the surface area of nanoparticles remains constant and so are the
number of amine groups available on NPs to bind with carboxylic groups of HA. So, the increase
in number of HA molecules will not affect the size, PDI and zeta potential to any large extent but
in case of conjugation efficiency, it does play an important role. With more number of HA
molecules, there will be more chances of its conjugation on NPs while with less molecules of
HA, the conjugation on NPs will be less. So on the basis of higher conjugation efficiency, 1:1

was selected as HA: NPs ratio and used for further optimization.

Table 6.2: Effect of HA : NPs ratio on conjugation

HA : Particle size oD Zeta potential % conjugation
NPs (nm) (mV) efficiency
1:1 430.3+15 0.185 + 0.005 -38.8+0.5 65.2+1.2
2:1 426.1 +1.75 0.250 + 0.003 -35.2+1.2 50.6 £1.9

Development of Nanocarrier based Targeted Drug Delivery System for Effective Treatment
of Brain Tumor Page 154



Chapter 6 Surface modified TNPs (HA-TNPs and CS-TNPs):
Optimization, characterization and evaluation

6.4.1.3 Effect of stirring time on conjugation

Stirring time is also a critical parameter which affects conjugation of HA with TNPs. The effect
of stirring time on the conjugation at different time points (15 min - 60 min) on different quality
attributes were observed (table 6.3 and figure 6.2C). Initially, larger particles were formed and
after 30 min of stirring, particle size decreased and conjugation efficiency was increased.
Formation of larger particles during initial stirring time may be due to lack of sufficient time for
making conjugate which led to formation of unstable conjugate. As the stirring time increased,
conjugation between HA and TNPs took place and led to formation of smaller particles having
higher conjugation efficiency. With further increase in stirring time, particle size also increased
and conjugation efficiency was decreased subsequently. This may be due to saturation of
conjugating functional groups which led to only layering of HA over the TNPs rather than
conjugation that caused only enhancement of particle size and decreased conjugation efficiency.
Increase in particle size may also be due to swelling of HA in aqueous environment with time.

Thus 30 min was selected as optimum stirring time for conjugation of HA with TNPs.

Table 6.3 Effect of stirring time on conjugation

Time ) ) Zeta potential % conjugation
_ Particle size (nm) PDI -

(min) (mV) efficiency
15 436.2+15 0.209 + 0.005 -33.8+15 67.4+1.6
30 375.1+£1.7 0.181 + 0.003 -33.6+1.2 78319
45 430.3+1.3 0.185 + 0.007 -38.8+ 1.5 65.2+ 1.5
60 4457+ 1.2 0.194 + 0.005 -37.8x1.1 63.1+1.8
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Figure 6.2: Optimization of HA-TNPs: (A) effect of molecular weight of HA on
conjugation, (B) effect of HA : NPs ratio on conjugation and (C) effect of stirring time on
conjugation. Data is represented as mean = SD (n = 3).
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6.4.2 Conjugation of CS with TNPs (CS-TNPs)
CS was also used to achieve CD44 mediated targeting of brain tumor and conjugated with TNPs
by carbodiimide chemistry (figure 6.3). CS-TNPs optimization was done by varying single factor

at a time and observed its effect on particle size, PDI, zeta potential and % conjugation efficiency
of CS with the TNPs.

HNCHs | |
2 4
Chondroitin sulfate Activated chondroitin sulfate
Chondroitin sulfate conjugated
TMZ loaded albumin nanoparticles
(CS-TNPs)

Albumin
nanoparticles

o ™z

Stirring

Chondroitin
sulfate
TMZ loaded albumin nanoparticles

(TNPs)

(CS-TNPs)

Figure 6.3 Schematic representation of fabrication of CS-TNPs
6.4.2.1 Effect of CS: NPs ratio on conjugation conjugation

Three different CS: NPs ratios were selected to optimize CS-TNPs viz. 1:1, 2:1 and 3:1.
Obtained results are shown in table 6.4 and figure 6.4A. The results indicated that CS: NPs ratio
does not have significant effect on particle size, PDI and zeta potential but has significant effect
on conjugation efficiency. The insignificant effect of CS: NPs ratio on size, PDI and zeta

potential may be correlated with the fact that after increasing the ratio, the surface area of
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nanoparticles and the number of amine groups present on NPs (to bind with carboxylic groups of
CS) remain constant. So, the size, PDI and zeta potential will not be affected to any large extent
after increasing number of CS molecules but may affect conjugation efficiency. This may be
attributed to the fact that with more the number of CS molecules more will be the chances of its
conjugation on NPs and vice versa. So on the basis of higher conjugation efficiency, 1:1 was

selected as CS: NPs ratio and used for further optimization.

Table 6.4: Effect of CS: NPs ratio on conjugation

CS:
_ _ Zeta potential % conjugation

NPs Particle size (nm) PDI o

_ (mV) efficiency
ratio
Ll 1909415 0.120 + 0.005 33.8£0.5 716 +£1.2
2:1 187.7£1.75 0.143 £ 0.003 -345+1.2 67.1+£1.9
3:1 205.6 £ 1.35 0.112 +0.007 -37.0+£0.6 62.2+1.6

6.4.2.2  Effect of stirring time on conjugation

Effect of stirring time on the conjugation of CS was optimized on the basis of different stirring
time (1 h, 2 h, 4 h and 12 h). Results indicated no significant effect of stirring time on particle
size, PDI and zeta potential but had significant effect on % conjugation efficiency as shown in
table 6.5 and figure 6.4B. As stirring time increased, % conjugation efficiency of CS with
nanoparticles also increased. This may be correlated with the fact that as time passed, more
interaction between carboxylic groups of activated CS and amine groups of albumin took place
that led to enhancement of conjugation efficiency of CS with nanoparticles. So based upon these

results, 12 h was selected as stirring time for conjugation.
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Table 6.5: Effect of stirring time on conjugation

Time ] ] Zeta potential % conjugation
Particle size (nm) PDI o
(mV) efficiency
1 1954 +15 0.214 + 0.005 -40.0+15 55.1+1.6
2 197.1+1.75 0.178 £ 0.003 -39.7+1.2 63.3x1.9
4 189.7 + 1.35 0.181 + 0.007 -39.2+1.6 61.7+15
12 190.9 +1.25 0.120 +£0.0048 -33.8+1.1 716+1.8
s
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Figure 6.4: Optimization of CS-TNPs: (A) effect of CS: NPs ratio on conjugation and (B)
effect of stirring time on conjugation. Data is represented as mean + SD (n = 3)
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Finally, it can be concluded that, for the conjugation of CS with TNPs, CS: NPs ratio 1
: 1 and 12 h stirring time were optimum and selected as optimized parameters for preparing final
optimized CS-TNPs.

6.4.3 Characterization of surface modified TNPs (HA-TNPs and CS-TNPS)
6.4.3.1 Particle size and PDI determination

Particle size and PDI of HA-TNPs were found to be 375.1 + 1.57 nm 0.181 * 0.013 respectively
(figure 6.5). In case of CS-TNPs, particles size and PDI was found to be 222.3 = 1.57 nm and
0.217 + 0.05 respectively (figure 6.6). In both HA-TNPs and CS-TNPs as compared to TNPs,
increase in the particle size and PDI was observed which indicated conjugation of HA and CS
with TNPs respectively (8,19).
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Figure 6.5 Particle size and PDI of HA-TNPs
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Figure 6.6 Particle size and PDI of CS-TNPs

6.4.3.2  Zeta potential determination

Zeta potential of HA-TNPs was observed as -33.6 £ 2.3 mV (figure 6.7). As discussed earlier,
above pH 4.3, BSA showed negative zeta potential thus TNPs also showed negative zeta
potential. In case of HA-TNPs, due to presence of HA (an anionic polymer containing carboxylic
group), zeta potential was shifted towards more negative side. At pH 5.5, HA shows zeta
potential value close to -30 mV and due to presence of HA, zeta potential of HA-TNPs also
shifted towards -30 mV. The obtained results were also similar to previously reported literature
(20). The value of zeta potential of TNPs and HA-TNPs indicated good colloidal stability.

In case of CS-TNPs, zeta potential was found to be -32.8 = 1.87 mV (figure 6.8). As
compared to TNPs, CS-TNPs showed higher negative zeta potential which was due to
conjugation of CS with TNPs as CS contains various functional groups such as hydroxyl,
carboxyl and sulphonic acid which impart negative charge on CS and due to this zeta potential of
CS-TNPs shifted towards higher side. Zeta potential value of TNPs and CS-TNPs indicated
stability of prepared nanoparticles as it may produce sufficient repulsion to overcome

gravitational attraction between the nanoparticles and leads to better stability (19) .
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Figure 6.7 Zeta potential of HA-TNPs
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Figure 6.8: Zeta potential of CS-TNPs
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6.4.3.3 DSC analysis

DSC thermograms of BSA, TMZ, PNPs, TNPs, HA-PNPs, HA-TNPs, CS-PNPs and CS-TNPs
are shown in figure 6.9. As discussed earlier (section 5.4.4.3), the drug (TMZ) showed a sharp
exothermic peak at 208.81°C which indicates its crystalline nature of TMZ. Thermo gram of
TNPs, HA-TNPs and CS-TNPs does not show any exothermic peak of TMZ which may be due

to encapsulation of TMZ in the NPs in form of molecular dispersion (7).
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Figure 6.9: DSC thermograms of (A) BSA, (B) TMZ, (C) PNPs, (D) TNPs, (E) HA-PNPs,
(F) HA-TNPs, (G) CS-PNPs and (H) CS-TNPs
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6.4.3.4 FTIR analysis

FTIR spectrum of BSA, HA, CS, TMZ, PNPs, TNPs, HA-TNPs and CS-TNPs are shown in
figure 6.10. Pure TMZ shows characteristic peaks at 3419.79 cm™ and 3385.07 cm™ [-N-H
stretch for amines], 3113.11 cm™, 3184.48 cm™ and 3284.77 cm™ [the =C-H- (alkene) stretch],
1757.15 cm™, 1730.15 cm™ and1674.21 cm™ [-C=0 stretch contributed by aldehydes, ketones or
amide group], 1598.99 cm™ and 1674.21 cm™ [-C=C- (Alkene) stretch] and 1360 cm™ to 1180
cm™ can be attributed to -C-N stretch from amines. Spectrum of BSA showed characteristic
peaks at 3277.06 cm™[-NH stretching vibration], 2873 -2950 cm™ [-C-H and -C-H methoxy
stretching vibration], 1641.42 cm™[-C=0 stretching vibrations of amide] and 1535.34 cm™[-N-H
bending -C-N stretching vibration of amide]. FTIR spectrum of HA showed characteristic peaks
at 3374 cm™ [-OH stretching], ~1550-1560 cm™ [amide 11 -N-H band], 1604.77 cm™ and ~1400
cm™ [-C=0 stretching vibration]. FTIR spectrum of CS showed characteristic peaks at 3340.71
cm™ {-OH stretching}, ~1562.34 cm™ {amide Il -N-H band}, 1612.49 cm™ and ~1408.04 cm™{-
C=0 stretching vibration}. In case of PNPs, all characteristic peaks of BSA were present with
lesser intensity as compared to pure BSA. In case of TNPs and HA-TNPs, all characteristic
peaks of BSA, HA and TMZ were present but the intensity of TMZ characteristic peaks were
decreased which indicates that TMZ was present as amorphous form in TNPs and HA-TNPs
(7,8). In case of CS-TNPs, new peaks at 1527.62 cm-1 {attributed to amide bond}, 3307.92 cm-1
and 1450.47 cm-1{for-NH and CN group} were observed which confirmed the conjugation of
CS with TNPs (7,19).
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Figure 6.10: FTIR spectrums of (A) BSA, (B) TMZ, (C) PNPs, (D) TNPs, (E) HA, (F) HA-
TNPs, (G) CS and (CS-TNPs)
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6.4.3.5 XRD analysis

X-ray diffractograms (XRD) of pure TMZ, BSA, PNPs, TNPs, HA-PNPs, HA-TNPs, CS-PNPs
and CS-TNPs are shown in figure 6.11. TMZ showed characteristic sharp and intense peaks at 20
values of 10.7°, 14.64°, 26.4° and 28.2° indicative of highly crystalline nature of drug. XRD
pattern of BSA did not show any sharp peaks representing its amorphous nature. The hollow
pattern of PNPs, HA-PNPs and CS-PNPs indicated that the formed nanoparticles were
amorphous. XRD pattern of TNPs and HA-TNPs were also similar to blank nanoparticles (PNPs
and HA-PNPs) indicating the probability of most of the drug getting entrapped in the polymeric
matrix of the nanoparticles as sharp peaks of TMZ were not seen in drug loaded nanoparticles In
diffractogram of CS-TNPs, characteristic peaks of TMZ were present but their intensity was
decreased. This may be due to conversion of crystalline TMZ into amorphous form after
encapsulating in the nanoparticles (7). Apart from this, some additional peaks were also present
which may be due to trehalose. The conversion of crystalline TMZ into amorphous TMZ after
encapsulating in nanoparticles may also beneficial in terms of solubility and bioavailability as

amorphous form is more soluble as compare to crystalline.
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Figure 6.11: XRD diffractograms of (A) BSA, (B) TMZ, (C) PNPs, (D) TNPs, (E) HA-PNPs
(F) HA-TNPs, (G) CS-PNPs and (H) CS-TNPs
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6.4.3.6  Morphology

Morphology of TNPs, HA-TNPs and CS-TNPs were determined by TEM analysis. TEM image
of TNPs and HA-TNPs showed roughly spherical shape (figure 6.12 A and B respectively) while
CS-TNPs showed spherical shape (figure 6.12 C). TEM image of HA-TNPs and CS-TNPs
exhibited a dark core surrounded by a lighter gray rim likely corresponding to the HA and CS
conjugation. Size of TNPs, HA-TNPs and CS-TNPs obtained by TEM was lower than that
obtained by zetasizer (DLS measurement). Higher particle size in case of DLS may be due to the

presence of hydration layer while in case of TEM, size was measured in dried state [14].

9

[Z"200 nm___

Figure 6.12: TEM image of (A) TNPs, (B) HA-TNPs and (C) CS-TNPs

6.4.3  Evaluation of HA-TNPs

6.4.3.1  Estimation of entrapment efficiency and drug loading

Percent entrapment efficiency of final optimized HA-TNPs was found to be 64.29 % * 3.51 %
while percent drug loading was found to be 4.51 % + 1.57 %. In case of CS-TNPs, the percent

entrapment efficiency was found to be 61.68 % + 3.5 % while percent drug loading was found to
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be 4.32 % + 0.9 %. As compared to TNPs, the decrease in the % EE of HA-TNPs and CS-TNPs
may be correlated with the fact that some amount of entrapped TMZ in TNPs may get released
during conjugation of HA/CS with TNPs as the conjugation reaction took place in the aqueous
condition for 30 min (HA-TNPs) and 12 h (CS-TNPs) respectively. The decrease in the % DL
can be correlated with the fact that in case of HA-TNPs and CS-TNPs, total weight of the
nanoparticles increased as compared to TNPs which led to reduction in the % DL because total

weight of nanoparticles is inversely proportional to % DL.
6.4.3.2  In-vitro drug release

The cumulative in-vitro drug release (% CDR) from TMZ, TNPs, HA-TNPs and CS-TNPs was
demonstrated at pH 5.5 £ 0.2 to mimic tumor environment. The results of in-vitro drug release
from TMZ, TNPs, HA-TNPs and CS-TNPs (figure 6.13) indicated almost 100% drug release of
pure TMZ within 1.5 h while only 43.81% + 1.30%, 32.03% + 1.50% and 26.63 % + 1.50 %
drug was released after 2 h from TNPs, HA-TNPs and CS-TNPs respectively. From TNPs
56.68% + 1.48% and 61.12% * 1.56% drug release was observed after 24 h and 48 h
respectively while from HA-TNPs only 42.78% + 1.56% and 46.10% % 1.52% drug release was
observed after 24 h and 48 h respectively. In case of CS-TNPs, only 32.53 % + 1.51 % and 42.42
% + 1.54 % drug release was observed after 24 h and 48 h respectively. Slower release from HA-
TNPs and CS-TNPs may be due to conjugation of HA / CS over the surface of TNPs which may
act as a barrier to release drug from nanoparticles. A biphasic release pattern of TMZ was
observed from developed TNPs, HA-TNPs and CS-TNPs characterized by an initial rapid release
within half an hour, followed by slower and sustained release. The slower and sustained release
behavior of drug may be due to slow diffusion of drug from entrapped BSA and HA/CS
conjugated BSA (21).
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Figure 6.13: In vitro drug release study of TMZ, TNPs, HA-TNPs and CS-TNPs in sodium
acetate buffer pH 5.5

6.4.7 Bio-interaction studies

The interaction of HA-TNPs and CS-TNPs with plasma protein, cell culture media, serum
proteins and RBCs were performed to evaluate the change in surface conditions of HA-TNPs and

CS-TNPs in existence of mentioned biological factors.

6.4.7.1 Interaction with plasma proteins

The interaction of HA-TNPs and CS-TNPs with plasma protein was performed and results
indicated no significant interaction between plasma proteins as no significant change in zeta
potential and particle size was observed. Initial particle size and zeta potential of HA-TNPs were
375.7 £ 5.3 nm and -33.6 = 1.7 mV respectively while after interaction with plasma proteins the
obtained particle size and zeta potential were 371.5 + 1.7 nm and -32.9 + 2.9 mV respectively. In

case of CS-TNPs, initial particle size and zeta potential was 222.3 £ 1.6 nm and -32.8+ 1.9
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respectively while after interaction with plasma proteins the obtained particle size and zeta
potential were 225.5 + 1.3 nm and -31.9 + 2.1 mV respectively. Hence it may conclude that the
developed HA-TNPs and CS-TNPs can act as an efficient platform for targeting tumor without

trailing its surface functionality.
6.4.7.2 Interaction with cell culture medium

The interaction of HA-TNPs and CS-TNPs with cell culture media (DMEM) was performed and
results indicated no significant interaction between DMEM as no significant change in particle
size and zeta potential was observed. Initial particle size and zeta potential of HA-TNPs were
375.7 £ 5.3 nm and -33.6 £ 1.7 mV respectively while after interaction with DMEM media
obtained particle size and zeta potential were 371.5 + 2.8 nm and -33.4 + 1.3 mV respectively. In
case of CS-TNPs, initial particle size and zeta potential was 222.3 £ 1.6 nm and -32.8+ 1.9
respectively while after interaction with DMEM media, the obtained particle size and zeta
potential were 227.5 + 2.3 nm and -32.5 £ 1.3 mV respectively. Hence it may be concluded that
the developed HA-TNPs and CS-TNPs were stable in cell culture media (DMEM).

6.4.7.3 Interaction with serum

The interaction of HA-TNPs and CS-TNPs with serum was performed and results demonstrated
no significant interaction between serum proteins as no significant change in particle size and
zeta potential was observed. Initial particle size and zeta potential of HA-TNPs were 375.7 £ 5.3
nm and -33.6 £ 1.7 mV respectively while after interaction with DMEM media obtained particle
size and zeta potential were 377.5 £ 3.1 nm and -32.9 + 2.3 mV respectively. In case of CS-
TNPs, initial particle size and zeta potential was 222.3 + 1.6 nm and -32.8+ 1.9 respectively
while after interaction with the serum obtained particle size and zeta potential were 224.5 + 2.7
nm and -31.5 = 2.1 mV respectively. Hence it may be concluded that the developed HA-TNPs

and CS-TNPs were stable in serum.

6.4.7.4  Haemolysis studies
Haemolysis study was performed for developed HA-TNPs and CS-TNPs. The absorbance values

were obtained by scanning the samples by UV-Visible spectrophotometer and the percent
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haemolysis was calculated on the basis of equation 6.3. The absorbance for positive control
(Triton X- 100) and negative control (DMSO) was found to be 0.669 and 0.152 respectively. The
% haemolysis for both HA-TNPs and CS-TNPs were found to be 1.35 % + 0.01 % and 1.16 % +
0.03 % respectively corresponding to absorbance values 0.159 and 0.158 respectively. The
results demonstrated no significant haemolysis potential of developed HA-TNPs and CS-TNPs
as the % haemolysis for both HA-TNPs and CS-TNPs were found to be less than 2 (13) .

6.4.8 Stability studies

The results of stability studies (Table 6.6 and 6.7) indicated that prepared HA-TNPs and CS-
TNPs were stable at both refrigerated condition and room temperature (25°C) for three months as

no significant change in particle size, assay and zeta potential was observed.

Table 6.6: Stability studies of lyophilized HA-TNPs. Data is represented as mean + SD

(n=3)
Time Particle size Zeta potential % EE % Assay

(month (nm) (mV)

) HA-TNPs HA-TNPs HA-TNPs HA-TNPs
At refrigerated condition (4 °C)
0 375.1+ 1.57 -33.6+ 2.3 64.29% + 3.51% 100% +1.3%
1 375.5+3.81 -32.6+ 1.5 64.67% + 2.53% 99.4% +4.3%
2 374.8+4.91 -323+1.2 63.71% + 2.91% 98.5%+3.3%
3 377.5 £5.65 -31.9+0.9 63.23% + 3.13% 97.7% +4.5%
At room temperature (25°C £2°C and 65% + 5% relative
humidity)

0 375.1+ 1.57 -33.6+ 2.3 64.29% + 3.51% 100.0% + 1.9 %
1 375.6 £ 7.67 -324 %15 64.88% + 3.23% 99.1% +4.9%
2 376.1£9.35 -31.6+ 1.3 63.54% £ 2.97% 97.0% +3.7%
3 377.5+10.87 -30.8+1.1 63.05% + 3.19% 96.2% +4.9%
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Table 6.7: Stability studies of lyophilized CS-TNPs. Data is represented as mean £ SD (n=3)

Surface modified TNPs (HA-TNPs and CS-TNPs):

Time Particle size Zeta potential (mV) % Assay
(month) (nm)
CS-TNPs CS-TNPs CS-TNPs
At refrigerated condition (4 °C)
0 222.3+1.57 -32.8+1.87 100.0 £ 1.50
1 2255+ 3.81 -31.6+1.31 99.22 +2.93
2 228.8 +5.87 -31.3+1.05 98.43 £2.99
3 230.5+7.53 -30.5+1.49 97.49 +3.81
At room temperature (25°C +2°C and 65% * 5% relative humidity)
0 222.3+1.57 -32.8 +1.87 100.0 + 1.50
1 227.6 £ 4.67 -31.4+151 98.70 + 3.47
2 232.1+7.35 -30.6 £ 1.35 98.15 + 3.83
3 238.5+9.93 -30.1 £ 1.50 97.37 £ 4.79
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