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Chapter 7

7.1 In vifre physicochemical char acterization

Prmaty idea on petformance of any gene delivery system can be obtained from
the in vitre petformance of the formulation Such studies include the physicochemical
characterization 1.e. evaluation of effects of vanous simulated conditions which represent
the in wive environment on the physicochemical stability of the developed gene delivery
system. Once the developed gene delivery svstem s show promising results in such studies

formulation can be evaluated on the next battery of in vitro studiesie. the cell line studies.

In the present investigation, the developed formulation will be evaluated for
changes in various physicochemical parameters on exposure of electrolytes and serum
which are the tnajor encounters that the delivery swystems are going to face on

administration iz vive.

7.2 Stahility of lipoplexes in presence of electrolyte (INaCl)

Lipoplexes when used in transfection studies or administered in wive, the first
challenge they encounteris the presence of serum and physiclogical electrolytes present in
the blood o the organ (1) Stability of lipoplexes depends on the strength of electrostatic
interaction between the pDIA and cationic lipid and presence of electrolytes or serum
components to which they are exposed Competitive forces of attraction (van der "Waals
torces) and repulsion {either electrostatic repulsive forces or stenc stahbilizing barmer or
both) are mainly responsible for the physical stability of a dispersed system. Additionally,
various other interactions (depletion and steric interactions) also show an important role in
stability of formulations (2. The stability can be affected by either changes in the particle

size (3) of may be manifested by the reduced complexation efficiencies of lipoplexes (4).

Electrostatically stabilized conventional lipoplexes, when exposed to electrolytes,
tace compression of electrostatic double layer surrounding the lipoplezes and subsequent
aggregation followed by flocculation with increase in optical turbidity (99 This indicates
that the positive zeta potential of lipoplexzes would provide the stabilization through
electrostatic repulsion; however, 1n presence of concentrations of high salt concentrations
1.e.in transfection media and in blood, the compression of double layer by electrolytes

will cause the aggregation. MNon-onic polymer molecules 1.e. PEGylated lipids on
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patticulate surface prevent particles from coming close enough to allow van der Waals
attractive forces between the particles to dominate and thus create stenic barners resulting
in steric stabilization (&) and the lipoplexes would remain stable even when the
electrostatic double layers have been compressed The electrolyte induced flocculation,
thus, gives idea on the steric stabilization of lipoplexes through covenng of surface by

PEG chains (7).

Additionally, as said eatlier, salts like sodium chloride can disrupt electrostatic
interactions cavusing patticle size change through aggregation and then leading to
dissociation of polyplexes at certain concentration (4). Additionally, the effects have also
been noted for the differential stability in termns of their complezation efficiency of the
lipoplexes prepared 1n presence of electrolyte as compared to that of lipoplexes prepared

in abeence of electrolytes followed by exposure to electrolyte (4, 8

Dwnamic light scattering can be used for estimation of influence of presence of salt
oft lipoplex particle size while gel electrophoresis can be used to check the effect of

electrolyte on the stability as well as formation of lipoplexes.

7.2.1 Method

Lipoplexes prepared in DEFW were diluted and treated with different sodium
chloride selutions to get to get 1:10 wiv diluton of lipoplexes and sodium chlornde
concentrations in the range of 1%, 2%, 2%, 4% and 3% wiv. Samples were incubated at
rootmn temperature for 320 minutes before analvsizs and particle size analyses were
petformed in a clear sizing cuvette at 25°%C temperature using 633 nm laser as a light
source and 90° back-scatter photon detector using ZetaSizer MNano 25 (MMalvemn
Instruments Ltd, TUE) z-averaged diameter and PDI were determined on the Zetasize
software Ver 7.11 (Malvern Instruments Ltd , TTED.

For analysiz of complezation efficiency lipoplexes were prepared at different TP
ratios and were incubated at room temperature for 30 minutes at sodium chloride
concentrations of 2% and 5% After incubation samples were analvzed by gel

electrophoresis method for complexation efficiency.
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7.2.2 Results and Discussion

Presence of electrelytes, by disrupting the electric double layer around the
lipoplexes causes aggregation and fusion leading to particle size increase. Particle sizes
and PDI of the lipoplezes treated with different concentrations of sodium chloride
solutions are shown through Figure 7.1 to Figure 7.4 Eesults show that there was a
drastic increase in the particle size of the non-PEGylated lipoplexes as compared to the
PEGylated lipoplexes as well as PEGylated lipoplexes of all synthesized lipids IMon-
PEGylated lipoplexes showed particle size increase up to micron size (1.2 p after
treatment at 5% IMaCl selution), while the lipoplexes with PEGylated surfaces showed
more stability against the electrolyte showing significantly less particle size increase up to
5% MNaCl concentration. At all concentrations particle size remained below 170 nm for all
lipoplexes except for the non-PEGylated lipoplexes. This can be explained by the presence
of the PEG chains that even on the compromise, to some extent, of the electnic double
layer by electrolyte, prevent the closer approach of the lipoplexes due to steric barner

created by the PEGylation.
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Figure 7.1 Effect of electrolyte on particle size of the lipoplexes and non-PEGylated
lipoplexes
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Figure 7.2 Effect of electrolyte on particle size of the SA-DSPE, BHDSPE and
HDSPE lipoplexes
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Figure 7.3 Effect of electrolyte on particle size of the SA-DSPE, BCDSPE and
CDSPE lipoplexes
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Figure 7.4 Effect of electrolyte on particle size of the SA-DSPE, BADSPE and
ADSPE lipoplexes

Lz described earlier, the disruption of electric double layer of lipoplexes also leads
to dislodging of complexed pDMA from the surface of the lipoplexes. Hence, to evaluate
the effect of incubation with electrolyte solution of lipoplexzes on their complexation
efficiency, gel electrophoresis was performed. Effect of presence of 2% sodium chlonde
was evaluated on PEGylated and non-PE Gylated lipoplexes before complexation and after
complexation 1.6 lipoplexes prepared 1 2% NaCl solution or lipoplexes were prepared in
DFW followed by treatment with MaCl at 2% concentration. Complete complexation was
not observed for both lipoplexes when complexation was performed in presence of sodium
chloride. This effect can be explained by the decreasze in zeta potential of lipoplexes on
treatm ent with sodium chloride solution (Figure 7.5). On treatment with sodium chloride
solutions of increasing concentrations, the zeta potential of lpoplexes was found to be
decreasing which reached to almost neutrality after concentration of 1 or 2% MNaCl and
remained more or less unchanged up to 5% concentration. Change in zeta potential values
of non-PEGylated lipoplexes we that of PEGylated lipoplexes (referred to as SA-DSFE
lipoplexes) indicated that PEGylation of surface led to lower initial zeta potential which
reduced rapi dly over treatment with IMaZl This might be due to the compression of double
layer around the PEGylated lipoplexes which 15 already destroved to some extent by PEG
chains which hinder the surface charge mediated accumulati on of 1ons around the particle

surface. Additionally, the lower zeta potential of thiz lipoplexes was easily destroved by
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incubation with electrolyte with zeta potential reaching near to neutrality at 1 or 2% IaCl
concentration with PEGylated lipoplexes while non-PEGylated lipoplexes still retaining

the positive charge even at concentrati on of 5% MNaCl.
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Figure 7.5 Effect of electrolyte on zeta potentials of the lipoplexes

Chserving the trends, it was noticed that zeta potential value decrease was much
higher for initially over concentration range of 0.05 to 1% MaCl while above this
concentration the zeta potential wvalues were found to be decreasing to a lesser extent as
well as a distinct observation was initial decrease of mean zeta potentials below 0 mV to
concentration range of 1 to 2% MNaCl which increased to positive walues at 3 to 4% MNadl
and agan decreased below 0 mV. This observation was consistent with PEGylated
lipoplexes as well as with PEGylated lipoplexes prepared with modified lipids. However,
such decrease was not noticed with non-PEGylated lipoplexes which remained positively
charged owver the selected concentration range suggesting some indicative role of PEG

chains in such zeta potential vanation.
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Lz Boc protected and deprotected lipads would differ from each other with respect
to their one and two catiomic groups respectively, the difference in zeta potential was
expected to be different for both these categories 1.e. Boc protected and deprotected lipi ds
with zeta potential of less magnitude for former lipids. However, the difference was not of
that intensity, rather all lipids showed zeta potential between 23-25 mV. This was
cotroborating with the results with the zeta potentials of lipoplexesflipoplexes prepared
with DOTAP (head-group charge +1) and DOSPA thead-group charge 54) which showed
similar zeta potential as well as surface potential characteristics (9, 100 This indicates that
zeta potential values are irrespective of the cationic head-group charges per molecule
(mving a closer look at the effect of different lipids” behavior in electrolyte concentration
in terms of zeta potential, one can notice the initial zeta potential values which are
consistently higher for BOC protected lipids as compared to Boc-deprotected lipids. This
seemed to be an observation opposite to the expectedindicating the impact of head-group
hydrophobicitwhy drophilicity balance. Az two charges would be playing role in the zeta
potential development of Boc-deprotected lipids as compared to Boc protected lipids, even
after PEGylation zeta potential should be higher for lipoplexes of Boc-deprotected lipids.
However, it was noticed that zeta potential of BHDEPE, BCDEPE, EADSPE lipoplexes
were consistently higher than HDSPE, CDEPE and ADSPE lipoplexes. Trend remained
the same over electrolyte concentrations as well 1.e. decrease in zeta potential were of
lesser extent for Boc-amine acid lipids as compared to deprotected lipids. Even after
PEGylation, the hydrophobic portion of BHDEPE, BCDEPE and BEADEPE which would
extend over the surface of lipoplexes would impact the steric posihoning of the PEG
chains ultimately providing some hydrophobic pockets over surface that would not all ow
closer approach of electrolytes and hence, would protect the lipoplexes from electrolyte

mediated loss of zeta potential.

Further to zeta potential, changes in the complexation efficiency of lipoplexes are
also evaluated on exposure of sodium chloride. Effect of sodium chlonde on complexation
was higher for PEGylated lipoplexes (Figure 7.6). This effect can be explained by the fact
that sodium chlonde does not only affect the 1onic characteristics of cationic lipoplexes
but also disrupts the electrostatic character of pDINA leading to change in itz mobility (11,
12). Hence, when szodium chlonide 1z present before complezation, disrupted pDINA

electrostatics will not allew pDIMA to owercome the PEG chain barrier for complete
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cotnplexation as well as the masked charge of lipoplexes due to presence of PEG chains,
both of which will contnbute to reduced complexation even at MNP ratio of 2.0, When
compl exes were prepared in WFED and then treated with sodium chloride, no dismuption of
complexes was observed even at IN/P ratio of 1.0, This indicates that once the complexes
are Formed the complementary electrostatic interaction between the lipoplexes and pDIA
would be so strong that complex will remain stable without any loss of pDINA from the
surface. The study was carried out using 2% MNaCl only and the complex may get affected
by the electrolyte at higher concentrations. One study shows the complete dissociation of
pDMA from lipoplexes will require 750 mM NaCl concentration which corresponds to
~4 5% MaCl concentration (4). Addittonally, here the complexes are made of cationic
lipoplexes al one without any supporting lipids and PEGylated lipid. Thus, results obtained
in the present investigation which shows complexes are stable on treatrnent with 2% IaCl
concentration demonstrate that FEG chains of the lipoplexes which will sterically hinder
the complexed pDIA from leaving surface as well as the other helper lipids which
separate the charge effectively over surface of lipoplexes are involved in the strong
complexation between pDINA and cationic lipoplexes. Additionally, higher complexation
efficiency of non-PEGylated lipoplexes on treatment with electrolyte as opposed to that of
PEGylated lipoplexes is corroborated by the retention of cationic charge by non-
PEGylated lipoplexes as compared to PEGylated lipoplexes. In addition, some
complexation efficiency shown by PEGylated lipoplexes which has shown almost neutral
cationic charge indicate the importance of cationic surface potential and higher
concentration of lipoplezes and pDMA that would allew sufficient collision of the
patticles to afford some complexation of pDITA (110

Lz it can be seen from Figure 7.7 and Figure 7.8, similar results were obtaned
with lipoplexes of BHDSPE, HDSPE, BCDEPE and CDEPE which are prepared at N/P
ratio of 2.0 with electrolyte treattent before complexation or after complexation
similarly, complexation efficiencies were not affected on electrolyte treatment of
preformed BADEFE, ADESPE lipoplexes (Figure 7.9). Considering the zeta potential
values of lipoplexes, it was noticed that BHDEPE and B CDEPE lipoplexes retained some

mean cationic charge of 2-4 mV magnitude Howewer, the effect for complexation of
pD A did not ditferentiate at this charge level between EHDEPE and HDSPE lipoplexes
as well as BCDEPE and CDSFPE lipoplexes. Treatment before complexation had higher
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effect on complexzation efficiency of HDEPE lipoplezes as cotnpared to BHDEPE
lipoplexes and CDEPE lipoplexes as compared to BCDEPE lipoplexes for 1 hr incubation
period of complexation. Thiz can be explained, as descnibed eatlier, by the zeta potentials
of BHDEPE and BCDEPE lipoplexes which were slightly more cationically charged than
HDEFPE and CDEPE lipoplexes respectively which might be due to presence of Boc
group’ s hydrophobic effect. However, 1n all cases, preformed complexes showed no effect
of electrolyte on complezation of lipoplexes with pDIMA indicating intimate contact of
pD A with sutface causing all imidazole ring nitrogens to be protonated due to acidic

microenvironment created by pDIA even with the BHD'EPE and BCDSPE lipoplexes.

2% NaCl treatment

Before complexation After complexation

N/P naked 1 2 naked 1 2

Figure 7.6 Effect of electrolyte (2% Nal’l) on complexation on efficiency of non-
PEGylated and PEGylated lipoplexes at NP ratio of 1.0 and 2.0 (200 ng pDNAwell)

2% Nacl treatment
After complexation Before complexation

SA- BH- SA-  BH-

Naked DSPE  DSPE  UDSPE  DSPE  pspp  HDSPE

Figure 7.7 Effect of electrolyte (2% MNaCl) on complexation on efficiency of SA-
DSPE, BHDSPE and HD'SPE lipoplexes at N/P ratio of 2.0 (200 ng pDNAAwell)
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2% Nacl treatment

Before complexation After complexation

SA- BC- SA- BC-
Naked psSPE DSPE  CDSPE  DSPE pspr CDSPE

Figure 7.8 Effect of electrolyte (2% MNaCl) on complexation on efficiency of SA-
DSPE, BCDSPE and CDSPE lipoplexes at NP ratio of 2.0 (200 ng pDMA fwell)

2%e Nacl treatment
After complexation
SA- BA-

Naked DSPE  DSPE ADSTE

Figure 7.9 Effect of electrolyte (2% MaCl) on complexation on efficiency of SA-
DSPE, BADSPE and ADSPE lipoplexes at IN/P ratio of 2.0 (200 ng pDNA/~well)

Eesults indicate that the developed lipoplexes due to their PEGylated surface
confer the lipoplexes stability for their in wive survival in presence of the electrolytes

present.
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7.3 Serum Stability Study

For effective cellular internalization of the DIMNA for ensuring its functional
activity, the foremost requirement is stabality of the employed DINA against the nucleases
present 1n the circulation. Even though DA shows prolonged stability as compared to
that of EINA at atmosphenc conditions, the correlation of the above non-labile nature can’t
be extrapolated to the in wive behaviour. The fragmentation of the DINA at inter-
nuclecsomal lewel by DRMAses which are ubigquitously expressed in mammalian cell 1s
encountered as a prominent hurdle determining the effective delivery of formulated
product to the cell in intact form (13). The circulating DA hag a short half-life of 10 - 15
min (14} The chemical modificaton of the DINA by usze of glycols or dicls to the
oligonuclectides 15 reported to increase their resistance to the exonucleases thereby

prolong the circulati on half-life of the DINA (15).

Complexzation of DIMA wath the use of cationic lipid carriers 13 the most widely
used approach to enhance the cellular uptake of the DA and to target the expression of
the gene to specific cells. Such complexation of DMNA with cationic lipids has also
demonstrated 1ts stability against the nucleases due to prohibited access of nucleases to the

cotnplexed DA to cause the fragmentation.

7.3.1 Methads

The DA lipoplexes were studied for the integnity of complexed DA in presence
of serum for possible in vive degradation because of degradation duning circulation and
degradation due to extracellular and intracellular nucleases. Maked DINA and lipoplexes
prepared from synthesized lipids containing 10 pg of p DA were incubated with 10 pL
non-heat inactivated FBS (HilMedia Labs, India) at 37°C (Eotory shaker incubator,
srigenics-Crbitel, Tamilnadu, India) for various titne periods to give a 50 %oviv serutn
concentration in final incubation wolume  After incubation peried, samples were
inactivated by 10 uL of 0.5 I disodium EDTA solution to stop the degradation process.
Integnty of the pDIA at each time point was accessed using gel electrophoresis.

Ihcubated samples were mized in 1.2 wfv ratie with phenolichloroform (1:1 wiv)
mixture was added to the lipoplex samples. Vigorous mizing was done to break lipoplexes
and to partition the pDIA in water and lipids into phencl: chloroform layer. Samples were

then phase separated by centrifugation (Eemi Compufuge, Eemi, India) at 14000 rpm at
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4°C temperature. Separated acgquecus layer 13 removed and treated separately with
chloroform (200 pl) and wigorously vortexed and phase separated by centnfugation
sitnilatly to remove any traces of phencl in chloroform. Adqueous layver 1s used for

determinati on of pDIA contentusing gel electrophoresis.

Loueous layer {equivalent to 200 ng of pDIA) was directly loaded on the agarose
gel along with naked pDINA samples as reference to determine intact pDIA content. Gel
was tun at 100 Viem for 45 min in tank buffer using gel loading dye. Gel was visualized
using 1TV transilluminater assembled with gel documentation system  (GelDoc
Imaging X E+ systemn, Bio-Ead, TT5A) and images were captured on Imagelab software as
described eatlier. Band densities were analyzed by Imagel software wer. 1.50c (MNational
Institute of Health, TTSAY

7.3.2 Result and disciession

Structural stability study of pDIA in serum condition was carried out at higher
serum conditions. An essential property of lipoplexes designed in present investigation for
further applications 1s the ability to protect the complexzed pDMA from degradation by
serum nucleases (mainly DIMNAzes) Therefore, serum stability of lipoplex formulations
were also determined by incubating them in FBS at 37 C Naked pDMNA and lipoplex
tormulati ons were ihcubated 1n 30 %oviv serum containing medium and the degradation of
pDMA was analvsed by gel electrophoresis. Analysis of pDMNA was carned out by gel
electrophoresis only, as fragments of dsDIA would intetfere the analvsis by CuantiFluor
dsD A detection method and fragmented dsDMA as well as ssDINA would interfere the
analwsis by NanoDrop. Apart from this, gel electrophoresis method of analysis will also
help analyse the integrity of pDIA 1.6 fragmentation of pDIA would be easy to 1dentify

as well as quantification to a certain extent

Maked pDIA was incubated with serum For 2 min, 5 min, 10 min, 20 min, 30 min
and 1 hr and lipoplexes (at LT or NIT ratio of 2) were incubated with serum for 30 mun, 1
ht, 2 hr, 4 hr, 8 hr, 12 hr, 24 hr. At every time point, remaining pDINA was detected
{Figure 7.10) and results are shown in Table 7.1 It can be noted that degradation was
started within a minute for naked pDMA which lost its complete actiwity within 30 min.
While with the lipoplexes, degradation was observed to occur at a very low extent up to 4

hr with =25% of pDIA content retaining in the lipoplexes (Tahle 7.2). However, the loss
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of intact pDIA was higher for non-PEGylated lipoplexes than for PEGylated lipoplexes.
Eesults indicate that non-PEGylated lipoplexes are more prone to be affected by the
components of serum than the PEGylated lipoplexes as indicated by the intact pDINA
content of ~96% and ~82% at 8 hr and of ~51% and ~57%% at 24 hr respectively. Different
results observed with the lipoplexes also demonstrate the mechanizm of the loss of pDITA
from the lipoplexes. The higher loss of pDIMNA from the non-FEGylated lipoplexes is
higher due to the disloedging of the surface complexed pDMA by the negatively charged
components of the zerum followed by the degradation by zerum nucleases. Thus, PEG
chains extending over the surface of the lipoplexes would be protecting the complexed
pD A from dislodging by negatively charged serum proteins and hence, would lead to

lower degradation by serum nucleases.

Figure 7.10 Serum stability of naked pDNA
200 ng pDNASwell, incubation time: Lane 1-naked pDINA, lane 2-0 min, lane 3-2 min,

lane 4-5 min, lane 5-10 min, lane 6-20 min, lane 7-30 min, lane 8-60 min

Tahle 7.1 Intact pDINA content of naked pDINA incubated with serum

Time (min) | % intact pDNA rem ained
Maked pDINA 100
0 98.1512 .40
2 B6 273 42
0 718244 05
10 50.09+2 85
20 A b I
30 16,264 85
60 74544 05
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Tahle 7.2 Intact pDMNA content of PEGylated and non-PEGylated Lipoplexes after
incubation with serum

Time %% mmtact pDINA remained
{hr) Non-PEG ylated lipoplexes | PE Gylated lipopl exes
Maked DINA 100.00 100.00
0 99.52+1.26 99.41+£2.70
2 93.68+£2.55 98.59+3 85
4 90.659+1.69 88.50+2 41
8 81.42+£2.14 96.63+3 39
16 64.16+4.19 82 2R3 00
20 56,4442 22 90.60+£3.19
24 52.80£2.18 81.36+2 42

*Experitments were performed in triplicate.

Bazed on the results obtained with the PEGylated lipoplexes, lipoplexes of other
lipoplexes prepared with synthesized lipids were incubated for 4 h and 8 h and the DA
contents were determined after incubation. The Figure 7.11, Figure 7.12 and Figure
T.13Error! Eeference source not found shows that the pDINA was found to be stable for
all ipoplexes after 8 hr penod retaining >93% of pDMA in intact form as was the case
with the SA-DEFPE lipoplexes. Eesults suggest that lipoplexes will protect pDIA from
blood pH {74} and serum condition faced on intravencus administration. Enhanced
stability of the lipoplexes can be attributed to both complexation with cationic lipid as
well as to the PEGylated DEPE present in the lipoplexzes, both of which will prevent the

access of the pDIMA to the nucleases present in the serum.

[ncubation time
[
,;t-n’%?‘ 5A-DSPH EH-DSPE HDSPE

;-;i.
éjl 4 hr Shr 4hr fhr 4hr & hr

Figure 7.11 Serum stahility of lipoplexes (SA-DSPE, BHDSPE and HDSPE)
prepared at N/P ratio of 2 after incubation with serum
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Figure 7.12 Serum stability of lipoplexes (BCDSPE and CDSPE) prepared at N/P
ratio of 2 after incubation with serum

&
é%*' 6? BA-DSPE ADSPE
®  4hr Shr 4br  Shr

Figure 7.13 Serum stahility of lipoplexes (BADSPE and ADSPE) prepared at N/P
ratio of 2 after incubation with serum

Tp to B hr, most of the pDMNA was preserved in all lipoplexes; however, results
with 34 -DEPE lipoplexes show that lipoplexes failed to maintain the pDINA stability up to
24 hr retaning —80% of pDNA. However, nanoparticulate fonmulations distribute after
intravencus administration within few hours (<6 hr) supporting the wiew that after
intravenous administration, developed lipoplexes will be sufficiently stable to provide for

diztribution in the target organ without being affected by the blood components.

Based on the effect of electrolytes and serum on the stability of pDIA in the
lipoplexes, the recommended lipoplex preparation procedure should involve preparation
of ipoplexes in nuclease free water without any bufferfelectrolyvtes added Subsequently,

prepared lipoplexes can be exposed to electrolytes which will provide better complexation
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efficiency as well as it will provide longlasting stability in electrolytes which are also
present in the serum. Additionally, use of PEGylated lipids preserves pDIA from being
released on exposure to electrolytes as well as protects it from serum nucleases, hence use

of PEGylated lipoplexes in preparation of lipoplexes should be practiced.
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