Chapter 5 In vitro Characterization of Nanoparticles.

5.1. Characterization of Gadolinium doped iron oxide nanoparticles (metallic
core).

5.1.1. Transmission electron microscopy (TEM).
The study was performed for visualization of morphology of metallic nanoparticles and to

analyse the true particle size. It was performed on transmission electron microscope, JEOL,

JEM-2100, Japan with voltage acceleration of 200kV and suitable magnification (1, 2).

5.1.2. Zeta Potential.
The zeta potential of the metallic core synthesized by the polyol process and carboxylated

metallic core were subjected to measurement of zeta potential by Doppler anemometry using
Zeta Sizer, Nano ZS, Malvern instruments, UK. The undiluted samples were filled in
electrode capillary cuvette prior to the measurement (3, 4).

5.1.3. /n vitroMRI contrast.
In vitro MRI contrast study was performed to optimise the precursor ratio of Gadolinium and

iron in the synthesis. The MRI phantoms of gelatin blocks were prepared using solvent
casting a with the composition given in table 5.1 and were casted in 8.3x5.3x0.8 cm (length
x breadth x thickness) dimension using a plastic mould to mimic the biological tissue (5). The
metallic nanoparticles were prepared in ratios of 1:10, 1:7.5 and 1:5 (Gd: Fe precursor) along
with controls of pure iron oxide and gadolinium oxide nanoparticles with the optimised
conditions of the polyol process described in previous chapter. The synthesized nanoparticles
were dispersed in deionised water in concentration of 5mg/ml and filled in different syringes
with 26 gauze needle. In the process of casting of gelatin blocks the metallic nanoparticles
(5mg/ml) were injected before the solidification of gelatin after pouring the hot mix in the
casting trays as shown in figure 5.1. After the solidification of gelatin blocks, they were
subjected to magnetic resonance imaging (MRI) in T1 (light) and T2 modes(dark) using a
1.5T clinical MRI machine, Signa, GE healthcare, India (6).
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Table 5.1: Composition of gelatin MRI phantoms.

Ingredient Role Quantity
Gelatin Matrix former
) _ 30%wi/v
(Microbiology grade)
Polyhexamethylene Preservative
) ) 0.2mi
biguanide (20%)
Double distilled water Solvent Upto 30ml
c =
Blaak
.‘ *-F.\-I-’I?_ e
- .
& ‘ ".
¥ 3 5

Figure 5.1: (a) Casting of gelatin blocks as MRI phantoms, (b) Impregnation of metallic

nanoparticles in gelatin blocks and (c) Gelatin blocks with controls and samples.

5.1.4. Energy dispersive X- ray diffraction (EDAX).

The elemental composition was determined through analysis performed using EDAX, Xmax,
Oxford instruments, UK. The Gd doped iron oxide nanoparticles were exposed to X-rays of
mid energy (1-20KeV) which were collected by the detector for qualitative as well as
quantitative estimation of elements present in the sample (7-9).
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5.1.5. X-ray diffraction (XRD).
The X-ray diffraction patterns were recorded for the samples of gadolinium doped iron oxide

nanoparticles, Iron oxide nanoparticles and gadolinium oxide nanoparticles synthesized by
polyol method at 26 values of 20 °to 100° with generator parameters of 40 mA, 45 kV using
PANalytical X’Pert Pro, Malvern Instruments, UK (10-12) .

5.1.6. Vibrating sample magnetometry (VSM).
The magnetic behaviour of the gadolinium doped iron oxide, plain iron oxide and gadolinium

oxide nanoparticles was studied using vibrating sample magnetometer Lakeshore VSM,
7410,USA.The hysteresis curves were recorded at room temperature with respect to varying
magnetic field (13-15).

5.1.7. In vitrohyperthermia.
The ability of the Gadolinium doped iron oxide nanoparticles to elevate the surrounding

temperature in presence of alternating magnetic field of 516 and 714 kHz at 20mT magnetic
field was done using magneTherm™ system, nano Therics, UK. The rise in temperature was

recorded with respect to time (16-18).

5.2. Characterization of theranostic nanoparticles .

5.2.1. Differential scanning calorimetry (DSC).
It was performed for the samples of lenanidomide, PLGA, PVA, Gadolinium doped iron

oxide nanoparticles, PEI-FA-TPP, their physical mixture, and lyophilised theranostic
nanoparticles to check the compatibility of the drug, polymer and the metallic core and to
determine whether the drug is physically adsorbed or entrapped on the metallic core. The
samples were subjected to thermal analysis from temperatures of 30-300°C with 10°C/min

ramping rate under nitrogen purged atmosphere using DSC-60, Shimadzu, Japan (19, 20).

5.2.2. Particle size and zeta potential.
1 ml of the dispersion of theranostic nanoparticle was diluted suitably with double distilled

water to measure particle size using dynamic light scattering technique while zeta potential
was determined for the undiluted sample in electrode capillary cell using doppler

anemometry technique using Zeta Sizer, Nano ZS, Malvern Instruments, UK (21, 22).
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5.2.3. Transmission electron microscopy (TEM).
The study was performed for visualization of morphology of theranostic nanoparticles and to

analyse the true particle size. It was performed on transmission electron microscope, JEOL,
JEM-2100, Japan with voltage acceleration of 200kV and suitable magnification (23, 24).

5.2.4. % Entrapment efficiency.
The drug entrapped in the PLGA coat over the magnetic core was determined by using UV

spectroscopy.1ml of nanoparticulate dispersion of the final formulation was taken and was
centrifuged at 2000 rpm for 10 mins using REMI, C-24 plus centrifuge, India. The
supernatant was separated from residue (free drug) and treated with Acetonitrile: Methanol
(1:1) to extract the entrapped drug with sonication for 3 minutes. After sonication the sample
was centrifuged to 15000 rpm for 10 mins to get clear solution for analysis at 310nm using
UV spectrophotometer, UV 1800, Shimadzu, Japan (25). The % entrapment efficiency was

calculated as per the following equation

Drug extracted from supernatant
total drug added

x100

% Entrapment =

5.2.5. Gas chromatography.
The headspace analysis of the theranostic nanoparticles was done for estimation of acetone

content as residual solvent using gas chromatography, GC 606, Sigma Instruments, India.
The standard of 10ppm of acetone was used to compare the area of the peak with the sample

of theranostic nanoparticles (26).

5.2.6. In vitrodrug release.
For the study dialysis sac method was used consisting of a dialysis bag (MWCO. 12000, pore

size 2.4nm, Himedia, India) which was activated prior to use and filled with drug
suspension/drug coated core /theranostic nanoparticles equivalent to 1 mg of drug after which
bag was tied properly, avoiding leakage and was place in a beaker filled with 30 ml of
Phosphate buffer saline + 10 % methanol which acted as receptor compartment.

The contents of the receptor compartment were stirred at 100£10 rpm and 37+0.5°C to
facilitate diffusion from which 1 ml samples were withdrawn at specific time intervals and
replaced with fresh buffer to maintain sink condition. The withdrawn samples were analysed
at 302nm using UV spectrophotometer, UV-1800, Shimadzu, Japan (27-29).
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5.2.7. Stability study.
The theranostic nanoparticles were kept at Room temperature (30£5°C, 65+5%RH) and at

refrigerated conditions (2-8°C) in polypropylene tubes for a period of 30 days and the
samples were withdrawn at the interval of 10 days and were analysed for the particle size and
the drug content (30).

5.3. Results and discussion.

5.3.1. Characterization of Gadolinium doped iron oxide nanoparticles (metallic
core).

5.3.1.1. Transmission electron microscopy.
The transmission electron microscopy showed the spherical morphology of the nanoparticles

with particle size lower than 10nm as shown in figure 5.2 (a). The crystalline lattice can be
visualised from the high resolution image of the Gd doped iron oxide nanoparticles in figure
5.2 (b). The TEM analysis revealed the true particle size which is always lower than the
particle size determined by dynamic light scattering technique where the layer of the
dispersant medium is added to the diameter of the particles (31, 32).

Figure 5.2: (a) TEM analysis of metallic core (b) high resolution image of metallic core.
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5.3.1.2. Zeta potential.
The zeta potential of the metallic core after polyol synthesis was found to be 31.56£4.53mV

due to the adsorption of tetraethylene glycol on the metallic core as it acts as a capping agent
for the metallic nanoparticles during the synthetic phase of polyol process and limits the

particle size growth (33).

The zeta potential of citrate functionalised metallic core was found to be -22.3+3.85mV due

to anchoring of carboxylic acid on the metallic core (34).

5.3.1.3. /nvitroMRI contrast.
The images generated by the MRI are shown in figure 5.3. It can be seen from figure 5.3 (a)

and (d) that the gelatin phantoms do not show any contrast in T1 and T2 mode. In case of
pure iron oxide nanoparticles, the dark contrast is seen in figure 5.3(e) as iron oxide is a T2
contrast agent while pure gadolinium oxide nanoparticles showed light contrast as
gadolinium oxide and chelates are T1 contrast agents (35, 36). In case of Gd doped iron oxide
nanoparticles, dual contrast is observed in case of Gd:Fe precursors in the ratio of 1:5. The
figure 5.3(c) showed light contrast (T1) which is comparable with pure gadolinium
nanoparticles while the figure 5.3(f) exhibited dark contrast (T2) which is comparable with
pure iron oxide nanoparticles. The ability of the dual contrast depends on the ratio of iron and
gadolinium precursors. Lower ratios of gadolinium do not show adequate T1 contrast but
show T2 contrast due to abundance of iron (37, 38). Thus it can be concluded that the

optimised nanoparticles is having adequate dual contrast and can be used in MRI imaging.
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Figure 5.3: MRI images in T1 (light) mode (a) blank gelatin phantom (b) gadolinium
oxide nanoparticles (c) Gd doped iron oxide nanoparticles and T2 (dark) mode (d)
blank gelatin phantom (e) Iron oxide nanoparticles (f) Gd doped iron oxide

nanoparticles.

5.3.1.2. Energy dispersive X- ray diffraction (EDAX).
The EDAX analysis is a qualitative and quantitative tool for the elemental analysis. The Gd

doped iron oxide nanoparticles show both iron and gadolinium in the spectrum as shown in
figure 5.4 and table 5.2 which displays the quantitative results of the analysis. The metallic

nanoparticles show doping of gadolinium on the iron oxide (39, 40).
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Figure 5.4: EDAX analysis spectrum of metallic nanoparticles.

Table 5.2: Quantitative results of EDAX analysis of metallic nanoparticles.

Element Weight % Atomic %
Fe K 94.45 97.96
Gd L 9.55 2.04

100.00
Total

5.3.1.3. X-ray diffraction (XRD).
The results of XRD are shown in figure 5.5 and table 5.3 which show that the iron oxide

nanoparticles exhibit highest crystallinity with 14.016% while the gadolinium oxide
nanoparticles showed 4.250% crystallinity which was the lowest. The crystallinity of
gadolinium doped iron oxide was found to be 6.923% which is due to doping of gadolinium
in iron oxide crystalline lattice. The iron oxide nanoparticles show characteristic peaks at 26
values of 30.0837, 35.5090 and 62.7553 which are visible in gadolinium doped iron oxide
along with additional peaks of gadolinium oxide which suggest modification of the crystal

lattice due to incorporation of gadolinium.
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It can be concluded that the Fe304 crystals have been formed with Gd doping from the

results which is in correspondence with the results of EDAX (41, 42).
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Figure 5.5: XRD diffractograms of iron oxide, gadolinium doped iron oxide and
gadolinium oxide nanoparticles.

Table 5.3: Analysis of XRD peaks of iron oxide, gadolinium doped iron oxide and
gadolinium oxide nanoparticles.

Iron oxide nanoparticles
Relative
Position FWHM Total d-spacing Intensity. Area
[°20] [°20] [A] [cts*°20]
[%]
30.0837 0.8398 2.96812 33.86 68.28
35.5090 0.9254 2.52608 100.00 210.02
62.7553 0.7581 1.47942 52.21 96.15
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Gadolinium doped iron oxide nanoparticles

Position FWHM* Total d-spacing Relative Area
[°20] [°20] [A] Intensity [%] | [counts*°20]
30.0427 1.0305 2.97207 45.66 99.37
35.3097 0.2277 2.53987 64.19 41.02
43.1785 0.0871 2.09349 34.14 7.08
53.2821 0.0660 1.71789 21.38 1.98
62.6293 0.8435 1.48209 57.49 80.56
74.6883 0.0703 1.26986 100.00 11.00
92.7704 0.1946 1.06396 31.49 17.20

*Full width at half maximum

% Crystallinity (Calculated using ACD spectrus processor 2020.1.2,ACD labs)

Iron oxide

Gadolinium doped Iron oxide

Gadolinium oxide

14.016%

6.923%

4.250%

5.3.1.4. Vibrating sample magnetometry (VSM).
The hysteresis curves of VSM for the nanoparticles are shown in figure 5.6. It can be seen

that the iron oxide nanoparticles (Fe) and gadolinium doped nanoparticles (Fe-Gd) showed

paramagnetic behaviour with saturation magnetization values of 55.187 and 41.35 emu/g

respectively. The gadolinium oxide nanoparticles (Gd) showed no magnetization.

The decrease of saturation magnetization in case of gadolinium doped iron oxide as

compared to plain iron oxide is due to gadolinium doping. The paramagnetic behaviour with

high saturation magnetization is preferred for clinical applications of MRI imaging as well as

passive targeting (43, 44).
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Figure 5.6: Hysteresis loops of metallic nanoparticles at room temperature.

5.3.1.5. /nvitrohyperthermia.
The in vitro hyperthermia can be considered as a synergistic characteristics of iron oxide

based nanoparticles which is useful for treatment of cancer as cancerous cells have low
survival at high temperatures exceeding 40°C. The result of the experiment can be seen in
figure 5.7. In case of 5mg/ml of the Gd doped iron oxide nanoparticles at 516kHz of
alternating magnetic field, the time required to raise the temperature above 40°C was found
to be 12.95 minutes while at 744kHz it was 1.83 minutes. In case of 10mg/ml of the
nanoparticles at 516kHz, it was found to be 2.3 minutes and at 744 kHz it was 2.8 minutes to

raise the temperature above 40°C.

It can be concluded that the concentration of 5mg/ml of the nanoparticles at 744 kHz is
having the lowest time of 1.83 minutes which is preferable as it shortens the exposure period
to the magnetic field and can reduce the toxicity due to exposure of the metallic nanoparticles

in the target region (45, 46).
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Figure 5.7: Temperature curves for metallic nanoparticles exposed to alternating

magnetic field.

5.3.2. Characterization of theranostic nanoparticles.

5.3.2.1. Differential scanning calorimetry (DSC).
This technique is used to assess compatibility of the ingredients of the formulation and their

interactions if any are present. As shown in figure 5.8, the thermogram of lenalidomide
exhibits a sharp endothermic peak at 270.01°C which is due to melting point of drug.
Presence of small endothermic peak at 50.1°C is characteristic glass transition of PLGA.
PVA showed a small endotherm at 166.62°C while Gd doped iron oxide NPs do not display
any specific peak due to high melting point of iron oxide. PEI-FA-TPP showed broad
endotherm at 158.06°C which indicated melting of the polymer. The physical mixture
exhibited a sharply visible endothermic peak at 265.66°C which corresponded to the peak of
lenalidomide which suggested that there is no physical or chemical interaction between the
drug and the ingredients of the formulation. Thermogram of drug loaded theranostic
nanoparticles showed no peak of drug which directed that the drug is completely
encapsulated inside and not adsorbed on the polymeric coat (47).Small peak at 149.19°C is

due to the secondary PEI-FA-TPP coating.

Design and Development of PEl coated Iron Oxide Nanoparticles for Targeting Brain Tumors
-Mr. Parva H. Jani, Faculty of Pharmacy, The Maharaja Sayajirao University of Baroda, Vadodara. Page 85



Chapter 5 In vitro Characterization of Nanoparticles.

Lenalidomide a oso PLGA b o PVA c

nnnnn

rrrrrrr

Gd doped Iron oxide d e PEI-FA-TPP e e Physical mixture f

w280
Omset 17534C
Bt mTC
Heal  sams o

. . Tealg O
ETs Encsel  26941C

Hear  as23sm
22618 g

W T EoL) Tomp K1 e

Pesk  148.19C

nsat

T B o W

Figure 5.8: Thermograms of (a) Drug, (b) PLGA, (c) PVA, (d) Gd doped iron oxide, (e)
Physical mixture, (f) PEI-FA-TP and (g) Theranostic nanoparticles.

5.3.2.2. Particle size and zeta potential.
The particle size of the theranostic nanoparticles was found to found to be 122.26+2.17 nm

with PDI of 0.161+0.009. The particle size of the theranostic nanoparticles is less than 200
nm which is suitable for delivery to the CNS and the low PDI indicates the sample is
relatively monodisperse (48). The zeta potential of theranostic nanoparticles was found to be
12.3£0.52 mV which is due to the unmodified amines present in the PEI polymer which

induce the positive charge (49).
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5.3.2.3. Transmission electron microscopy (TEM).
The TEM image as shown in figure 5.9 shows the nanoclusters of polymeric coated metallic

nanoparticles which are semi spherical shaped and have a light corona around the

nanoparticles due to coating of polymer.

The particle size analysed by TEM is lower than that determined by dynamic light scattering
as in case of TEM, particles are analysed in dehydrated state and there is no layer of the

dispersant media around the nanoparticles (50).

Figure 5.9: TEM analysis of theranostic nanopatrticles.

5.3.2.4. % Entrapment efficiency.
The % entrapment efficiency for the theranostic nanoparticles was found to be 97.49+0.42

which is due to the hydrophobic characteristic of the drug lenalidomide as hydrophobic drugs
show high entrapment with nanoprecipitation technique in which hydrophobic polymer
PLGA is used. (51, 52).

5.3.2.5. Gas chromatography.
The organic solvent acetone used in the process of polymeric coating on the metallic core can

cause toxicity if the process parameters are inappropriate resulting in partial removal of the
organic solvent by means of evaporation. The figure 5.10 shows the curve peak of standard of
acetone of 10ppm and the headspace analysis of the theranostic nanoparticles.
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The amount of the residual solvent (acetone) in the theranostic nanoparticles was found to be
1.480 ppm which is less than the daily exposure limit of 5000 ppm as per the ICH guideline
Q3C (R6) on impurities: guideline for residual solvents (53).

Thus it can be concluded that the process used for the coating of nanoparticles is efficient in

removal of the organic phase from the dispersion.
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Figure 5.10: Gas chromatograms of standard and theranostic nanoparticles for acetone
detection as residual solvent.

Table 5.4: Analysis of peak area of GC for residual solvent analysis.

Sr.no | Sample RT(min) | Area(mV*sec)
1 Acetone standard 10 ppm | 0.873 1755.731
2 Theranostic nanoparticles | 0.897 184.150

5.3.2.6. In vitrodrug release.
The drug release is dependent on the type of nanoparticle or system which can be either

monolithic or core-shell type of system as shown in figure 5.11.
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Figure 5.11: Comparison of matrix and core shell type of systems.

The mathematical models have been established for prediction of drug release from such
systems. In case of monolithic systems the release kinetics can be understood from the
equation given below (54).

o _apc—c
o = AP(C - Cw)

dm/dt=rate of drug release.
A=surface area.
P=permeability of drug.
C-Coo=concentration gradient.

It can be understood from the above equation that the release of drug is due to the change in

surface area due to the erosion/hydrolysis of polymeric matrix.

In case of the core shell systems where the coating of shell is few nanometers thick the

equation for the drug release is given below(54).

dm— Ah(C —-C

Here,

dm/dt=rate of drug release.

A=surface area.

h=convection coefficient of external medium

C-Coo=concentration gradient.
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Here drug release is dependent on the change in surface area due to polymeric
erosion/hydrolysis and convection factor that is the movement of external medium which
induces concentration gradient (54). The composition of the external medium also affects the
convection factor. In case of theranostic nanoparticles the coating of the polymer is having
low thickness as shown in figure 5.12(a), where the core is surrounded by a thin layer of

polymeric coat.

The figure 5.12(b) shows the release profile of the pure drug suspension, drug coated core

and theranostic nanoparticles in methanolic phosphate buffer saline pH 7.4.

It can be seen that the drug release of pure drug suspension was found to be 96.28+2.43% in
2 hours while the drug coated core and theranostic nanoparticles showed 97.54+2.01%
95.18+3.50% in 8 hours respectively.

In case of the drug coated core and theranostic nanoparticles the drug release is accelerated
due to the enhanced dissolution of the drug in hydroalcoholic mixture of methanol and buffer
which enhances convection factor and the sink conditions maintained the concentration
gradient (55). It can be also hypothesized that the exposure of magnetic field from the
magnetic stirrer used in the experiment can cause disruption of the polymeric shell due to the
behaviour of iron oxide nanoparticles under the influence of magnetic field thereby
accelerating the drug release. Pulsatile release of drugs under the influence of magnetic field

have been investigated with PLGA coated iron oxide nanoparticles and microspheres (56-58).

The release kinetics was determined in each case by regression equation obtained from
various fit models. It was found that the pure drug suspension followed Korsmeyer Peppas
model with regression coefficient of 0.995. The intercept value of the regression equation
further explains the release mechanism in this model. It was found that the pure drug
suspension had intercept value of 0.7146 which indicates non fickian diffusion (0.5<intercept
value<l). The drug coated metallic core followed Hixon Crowell model with regression
coefficient of 0.9785 which indicates that the drug release is due to the layer by layer erosion
of polymeric coat. In case of theranostic nanoparticles first order release kinetics were obeyed
with regression coefficient of 0.9934 which is observed in core shell systems (59, 60).
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Figure 5.12 (a) TEM image showing polymeric coat thickness over theranostic
nanoparticles. (b) Comparison of In vitro drug release profile of drug suspension, drug
coated core and theranostic nanoparticles (n=3).

Table 5.4: Release Kinetics of Plain drug suspension, drug coated core and theranostic
nanoparticles.

Regression coefficient(r’)
Release model Plain drug suspension Drug coated core Therano.stlc
nanoparticles

Zero order 0.9843 0.9324 0.9086
First order 0.8105 0.9569 0.9934
Higuchi 0.9628 0.9324 0.9711
Hixon Crowell 0.8923 0.9785 0.9798
Korsmeyer Peppas 0.995 0.8969 0.9751

5.3.2.7. Stability study.
The results of stability study are shown in figure 5.13 which indicate that theranostic

nanoparticles showed a significant increase in particle size at room temperature from
124.29+2.83 nm to 159.36+0.20nm after a period of 30 days while in case of refrigerated
temperature of 2-8°C retarded the increase of particle. The results can be attributed to the
PLGA used in the polymeric shell. The polymer undergoes hydrolysis when it comes in
contact with the aqueous medium due to breakage of ester bonds. The pores are generated
and the polymeric chain mobilization causes the increase in the particle size along with
surface erosion of the polymeric coat (61-63).

The % assay remained unaffected due to the stability of the drug in both the storage
conditions and no degradation mechanism of drug has been reported in aqueous medium (64).
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Figure 5.13: Results of stability study at room temperature and refrigerated conditions.
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