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Abstract. Lamotrigine (LTG), a sodium and calcium channel blocker, has demonstrated efficacy for the
treatment of neuropathic pain in multiple, randomized, controlled trials. However, its potential clinical
applications in neuropathic pain are limited due to the risk of dose-dependent severe rashes associated
with high dose and prompt dose escalation. Further, the poor pharmacokinetic profile due to non-selective
distribution to organs other than brain reduces the efficacy of dosage regimen. Therefore, the aim of
present investigation is to develop surface-engineered LTG nanoparticles (NPs) using transferrin and
lactoferrin as ligand to deliver higher amount of drug to brain and improve the biodistribution and
pharmacokinetic profile of drug with prolonged duration of action and reduced accumulation in non-
target organs. The LTG NPs were prepared by nanoprecipitation and optimized by factorial design for
high entrapment and optimized particle size. The optimized NPs were surface functionalized by conju-
gating with the lactoferrin (Lf) and transferrin (Tf) as ligands. The developed NPs were characterized for
different physicochemical parameters and stability. The in vivo biodistribution showed preferential
targeting to brain and reduced accumulation in non-target organs over a prolonged duration of time.
Finally, partial sciatic nerve injury model was used to demonstrate the increased pharmacodynamic
response as antinociceptive effect. Both biodistribution and pharmacodynamic study in mice confirmed
that the approach used for LTG can help to increase clinical applications of LT'G due to brain targeting

and reduced side effects.
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INTRODUCTION

Chronic pain affects over 100 million Americans annually
(1). Patients are frequently dissatisfied due to inadequate drug
dosing and unavailability of appropriate drug therapy (2).
Analgesics, found to be very effective for acute inflammatory
traumatic pain, are not very helpful in treating the majority of
chronic pain conditions (3). Additionally, the level of efficacy
reaches only 5-30% for any particular drug due to poor phar-
macokinetic profile of the drugs.

Non-opioid drugs are generally used for postoperative
and chronic pain due to its low side effects as compared to
opioids (4). Surprisingly, most of these have evolved from
efficacy noted in non-pain indications of anti-epileptics and
depressants. Lamotrigine (LTG), a sodium and calcium chan-
nel blocker, has demonstrated efficacy for the treatment of
neuropathic pain in multiple, randomized, controlled trials (5).
However, its potential clinical applications in neuropathic pain
are limited due to the risk of dose-dependent severe rashes, as
well as Stevens-Johnson syndrome, a potentially fatal
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epidermal necrosis associated with high dose and rapid dose
escalation as a result of ability of LTG to activate T lympho-
cytes (6). Although LTG has sufficient lipophilicity (log P of
1.87) ensuring a rapid onset of action, it is not retained in the
brain for longer time, and a rapid decline in the brain concen-
tration occurs diminishing the analgesic action of drug (7). The
poor pharmacokinetic profile due to non-selective distribution
LTG in free form to organs other than the site of action, i.e.,
brain, is the major cause of reduced efficacy of dosage regi-
men and side effects (8,9). Therefore, it is desired to enhance
the drug efficacy by selective targeting and retention of LTG
in the brain and also reduce the systemic exposure of free drug
minimizing the adverse effects.

Colloidal systems have been successfully used for chang-
ing tissue distribution pattern of drug and selective targeting
to the brain (10). Polymeric nanoparticles (NPs) can entrap
the drug and act as drug reservoirs with sustained release and
reduce the systemic exposure to free drug and toxicity associ-
ated with the same (11,12). Specifically, nanoparticles of bio-
degradable polymers such as poly(lactic-co-glycolic acid)
(PLGA), with established safety profile, have been approved
by USFDA (13). Additionally, they have been reported to
offer ease of processability (14,15).

However, drug delivery to the brain is severely limited by
the presence of blood-brain barrier (BBB). The BBB com-
prising of the endothelial cells forming tight junctions restricts
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Table I. Translation of Coded Levels to Actual Quantities for LTG-
NPs

Actual values

Stabilizer Polymer Volume of
concentration concentration organic phase
Coded values Xq (% wiv) X5 (mg) X3 (mL)
-1 0.5 50/40 2.5
0 1 75/60 33
1 1.5 100/80 5

the entry of therapeutics to the brain (16). Several ap-
proaches have been employed and still being investigated
to enhance drug delivery across BBB (17). One of the
ways is to exploit the presence of active transport mech-
anisms for supply of nutrients and ions to the brain. The
ion transport generally occurs via receptor-mediated en-
docytosis of non-heme iron-binding glycoproteins, transfer-
rin (Tf), lactotransferrin (Lf), and melanotransferrin by
their respective cognate receptors on endothelial cells
(18). The Tf is of particular interest because of substantial
expression of Tf receptors on brain capillaries (19). On
the other hand, though Lf has been demonstrated to cross
the BBB via receptor-mediated transcytosis (20), there are
very few studies signifying the potential of Lf as brain
delivery vector (21,22).

Thus, the aim of the present investigation is to devel-
op surface-engineered LTG NPs using transferrin and
lactoferrin as ligand to deliver higher amount of drug to
the brain and improve the biodistribution and pharmaco-
kinetic profile of drug with prolonged duration of action,
at the same time reduced systemic exposure to free drug
due to entrapment within NPs will reduce the possibility
of side effects. The pharmacokinetic features were evalu-
ated by using radiolabeling method, and pharmacodynam-
ic study was performed on partial sciatic nerve injury
model.

MATERIALS AND METHODS

Materials

PLGA 502H (lactide/glycolide ratio 50:50, M, 12,000
Da) was a gift from Boehringer Ingelheim (Germany).
LTG was a gift sample from Wockhardt Research
Centre, India. Polyglycidyl glycerol ether (SR-4GL, M,
648 Da, hexa-epoxy) was a gift by Sakamoto Yakuhin
Kogyo Co., Ltd., Japan. Polyvinyl alcohol (PVA, M,
30,000-70,000 kDa; hydrolyzed 87-89%) and lactoferrin
(bovine colostrums) were procured from Sigma (India).
Transferrin (bovine) was obtained from Calbiochem,
Merck Specialities (USA). Zinc tetrafluoroborate hydrate
was obtained from Acros Organics, Belgium.
Bicinchoninic acid (BCA) protein estimation kit was pur-
chased from Genei, Bangalore. Instant thin-layer chroma-
tography (ITLC) plates were obtained from Gelman
Science Inc. (Ann Arbor, MI). HPLC grade acetone was
purchased from Merck. All other reagents used were of
analytical grade.
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Preparation and Optimization of NPs

NPs of LTG were prepared by nanoprecipitation method
(23). From preliminary studies, the drug/polymer ratio,
organic/aqueous phase ratio, and percent PVA concentration
(independent variables) were found to significantly affect par-
ticle size (PS) and entrapment efficiency (EE) (dependent
variable) and, therefore, were chosen for further optimization.
Briefly, PLGA 40, 60, and 80 mg (drug/polymer ratio of 1:5,
1:7.5, and 1:10, respectively) and LTG 8 mg were dissolved in
acetone 2.5, 3.3, and 5 mL (organic/aqueous phase volume
ratio of 1:4, 1:3, and 1:2, respectively). The organic phase was
added dropwise (0.5 mL/min) into 10 mL of aqueous phase
containing PVA (0.5, 1, and 1.5% w/v) solution using syringe
and stirred by a magnetic stirrer at 600 rpm until acetone gets
completely evaporated leading to the formation of nano-
particle dispersion. The PLGA-NP dispersion was centri-
fuged at 25,000 rpm for 30 min, and the supernatant was
discarded. The precipitate was washed twice with distilled
water to remove the excess PVA. The collected NPs were
dispersed in water and lyophilized using trehalose as
lyoprotectant at a ratio of 1:2 (NPs/lyoprotectant) (Heto
Drywinner, Denmark) (24).

The study was done using 3° factorial design and
contour plots, by choosing the above-mentioned indepen-
dent variables and dependent variables. The coded and
actual values for independent variables are shown in
Table 1.

Further, multiple regression analysis was performed using
Microsoft Excel software, and Eq. 1 was selected to yield a
second-order polynomial (25):

Y =bo+ b1 X1+ by X2+ b3X5+ b11X% + bsz% + b33X32
+ b1 X1 X5+ b13X 1 X3 + b3 Xo X3 + b3 X1 Xo X3 (1)

where Y is the dependent variable, b is the arithmet-
ic mean response of the 27 trials, and b; (b1, by, b3, b1,
b22, b33, b]z, b13, b23, and B]23 are the regression coeffi-
cients for the corresponding variable X; (X7, X5, X, X2
Xzz, X32, Xle, X1X3, X2X3, and X1X2X3) which
represents the average result of changing one factor at a
time from its low to high value. The interaction term
(Xle, X1X3, X2X3, and X1X2X3) shows how the
response changes when two or three factors are
simultaneously changed. The polynomial terms (X;?, X7,
and X3?) were included to investigate non-linearity.

The method of best fit was used to (26) define the
relationship between dependent variables, PS (Yps) and
EE (Ygg) and the independent variables. Analysis of
variance (ANOVA) was applied to determine the level
of significance of full model and reduced model. Further,
NCSS software was used to construct 2D contour plots,
and check point analysis was performed using Student’s
t test.

Finally, the desirability function, as a multi-response
optimization technique, was applied for simultaneous op-
timization of PS and EE, wherein total desirability was
calculated using Design Expert software. The desirability
value, which defines the closeness of a response to its
ideal value, lies between 0 and 1. The total desirability



Brain-targeted PLGA nanoparticles of Lamotrigine

Table II. 3 Factorial Experimental Design for LTG-NPs

Batch X, X, X;  PS(+SD)nm  EE (+SD) %
1 S | 142.7 (4.4) 64.14 (1.5)
2 -1 -1 0 128.6 (3.4) 60.10 (1.8)
3 -1 1 1143 (3.9) 5859 (1.9)
4 -1 0 -1 156.6 (5.0) 74.38 (2.0)
5 -1 0 0 146.7 (4.7) 72.74 (1.6)
6 -1 0 1 129.5 (4.1) 69.13 (1.3)
7 -1 1 -1 170.7 (6.3) 83.36 (1.8)
8 -1 1 154.4 (4.0) 81.78 (1.5)
9 -1 1 1 143.0 (4.1) 79.17 (1.9)
10 0 -1 -1 136.3 (3.7) 61.67 (1.3)
11 0 -1 0 1223 (32) 57.93 (2.0)
12 0 -1 1 109.1 (5.3) 5621 (1.2)
13 0 0 -1 148.6 (3.6) 7359 (2.1)
14 0 0 137.2 (5.6) 70.38 (1.9)
15 0 0 1 122.7 (4.3) 68.65 (1.7)
16 0 1 -1 161.5 (3.4) 81.78 (1.1)
17 0 1 0 149.7 (3.2) 80.59 (1.8)
18 0 1 1 133.9 (3.6) 7828 (1.7)
19 1 -1 129.5 (2.9) 57.90 (2.1)
20 1 -1 0 113.4 (4.9) 54.66 (0.9)
21 1 -1 1 101.0 (3.1) 5239 (1.4)
2 1 0 -1 142.6 (4.5) 7024 (1.2)
23 1 0 0 132.9 (3.0) 66.84 (1.5)
24 1 0 1 115.7 (4.7) 6525 (1.5)
25 1 1 -1 154.5 (4.0) 78.80 (2.4)
26 1 1 0 141.6 (62) 75.99 (1.2)
27 1 1 1 125.5 (3.5) 7326 (1.6)

Values are represented as mean+=SD, n=3

is reported as mean of the individual desirability for PS
and EE (27).

D = (dps X dgg)"? 2)

where D is the total desirability, and dps and dgg are
individual desirability for PS and EE.

Functionalization of LTG-PLGA-NPs

Surface Modification of PLGA-NPs

The two-step procedure as described by Sahoo and
Labhasetwar, i.e., activation of NPs and subsequent conjuga-
tion, was used for conjugation of optimized NPs with Tf or Lf
(28). The activation was done by reaction of hydroxyl group of
residual PVA in NPs (75 mg) with epoxy group of polyglycidyl
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glycerol ether (10 mg) in the presence of zinc tetrafluoro
borohydrate as a catalyst in borate buffer (pH 5.0, 50 mM).
A solution of SR-4GL (10 mg) was added as a linker, and the
reaction mixture was stirred on a magnetic stirrer at 37°C for
30 min. The NPs were separated by centrifugation (25,000 rpm
for 30 min, 4°C) and were washed thrice with borate buffer to
remove unreacted SR-4GL. In second step, Tf or Lf borate
buffer (1 mg/mL) solution was added to the dispersion of the
epoxy-activated nanoparticles, and the resulting reaction mix-
ture was stirred on magnetic stirrer at 37°C for 2 h. Once
again, NPs were separated by centrifugation as in step one
to remove unreacted Tf or Lf. The NPs were washed twice
with borate buffer and were stored at —40°C for 48 h followed
by lyophilization.

Estimation of Surface Transferrin/Lactoferrin Density

The amount of the Tf and Lf conjugated to the surface of
NPs was estimated using the BCA protein estimation kit. The
NPs were centrifuged at 25,000 rpm for 30 min, and 0.2 mL of
the supernatant was separated to which 2 mL of the BCA
working reagent (BWR) was added and incubated at 60°C for
30 min. The incubated samples were allowed to cool down to
ambient temperature and the absorbance measured at 562 nm
against water as blank. The test concentration was determined
from developed calibration curve. The amount of the Tf or Lf
conjugated was equal to the difference of the total Tf or Lf
taken for conjugation and the amount of unconjugated Tf
estimated in supernatant. The density of Tf or Lf molecules
on nanoparticle was calculated by dividing the number of
proteins bound to NPs by the calculated average number (n)
of NPs as shown in Eq. 3 (29):

n=6m/(nx D xp) 3)

where m is the NP weight, D the number-based mean NP
diameter determined by DLS, and p the NPs weight per
volume unit (density), estimated to be 1.1 g/em®.

Characterization of NPs

The conjugated and unconjugated Tf-LTG-PLGA-NPs
and L{-LTG-PLGA-NPs were characterized for the particle
size and zeta potential by using Zetasizer (Malvern Zeta Sizer,
Nano ZS, UK). For the determination of drug entrapment, 2
mg of NPs was added to acetonitrile and shaken on cyclomixer
to extract the drug. The supernatant was separated by centri-
fugation (rpm, time) and diluted appropriately to get

Table III. Analysis of Variance of PS for Full and Reduced Model for LTG-NPs

df SS MS F R?
Regression FM 10 7,582.598 752.860 348312 0.995
RM 3 7,501.685 2,500.561 935.234 0.992
Error FM 16 34.583 (E1) 2.161
RM 23 61.496 (E2) 2.674

Number of parameters omitted (N)=7; F calculated=[(SSE2—SSE1)/N]/MS of error for FM=1.78, F tabulated=2.66 (2=0.05, V1=7,

and V2=16)

FM full model, RM reduced model, df degree of freedom, SS sum of squares, MS mean squares, F Fischer ratio, £I and E2 sum of squares of

error of full and reduced model, respectively
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Table IV. Analysis of Variance of EE for Full and Reduced Model LTG-NPs

af SS MS F R?
Regression FM 10 2,255.001 225.500 597.521 0.997
RM 5 2253.13 450.625 1,195.786 0.997
Error FM 16 6.038 (E1) 0.377
RM 21 7.914 (E2) 0.377

Number of parameters omitted (N)=5; F calculated=[(SSE2—-SSE1)/N]/MS of error for FM=0.99, F tabulated=2.85 (2=0.05, V1=5,

and V2=16)

FM full model, RM reduced model, df degree of freedom, SS sum of squares, MS mean squares, F Fischer ratio, E1 and E2 sum of squares of

error of full and reduced model, respectively

absorbance in calibration range over UV spectrophotometer
(Shimadzu 1700, Japan) at 278 nm.

The surface morphology of the nanoparticles was
established using transmission electron microscopy (TEM)
(Morgagni, Philips, Eindhoven, Netherlands) following posi-
tive staining with phosphotungstic acid (0.5%). Differential
scanning calorimeter (Mettler Toledo DSC, Japan) was used
for DSC analysis using a heating rate of 10°C/min over a range
of 30°C to 300°C under inert nitrogen atmosphere maintained
at a flow rate of 40 mL/min. The obtained thermograms were
recorded in Mettler Toledo Star SW 7.01 software. The in vitro
drug release of conjugated and unconjugated NPs was per-
formed in PBS (pH 7.4) containing 1% sodium lauryl sulfate
as dissolution media at 37°C. In screw-capped tubes contain-
ing 20 mL of dissolution media maintained at 37°C, NPs
equivalent to 2 mg drug were suspended and shaken at 60
rpm over a horizontal shaker bath. Samples were taken out at
specific time intervals and centrifuged at 25,000 rpm for 30

T

a PS at -1 level of X1

PS at 0 level of X1

min. The pellet (sediment) was collected and dissolved in
acetonitrile, and drug remaining in the NPs after release was
measured using UV spectrophotometer.

Estimation of Residual PVA

The estimation of residual PVA coupled with NPs was
based on colorimetric complex formation between two adja-
cent hydroxyl groups of PVA and an iodine molecule (30).
Briefly, 2 mg of NP sample was reacted with 2 mL of 0.5 N
NaOH for 15 min at 60°C which was subsequently neutralized
with 900 pL of 1 N HCI, and the volume was adjusted to 5 mL
with distilled water (DW). Then, 3 mL of a 0.65 M solution of
boric acid, 0.5 mL of a solution of I,/KI (0.05 M/0.15 M), and
1.5 mL of DW were added to each sample. The samples were
incubated for 15 min and subjected to colorimetric measure-
ment at 690 nm. Test concentration was determined from
calibration curve of PVA prepared under identical conditions.

(7]

PS at +1 level of X1

5.0 e 50 T Ps (om) | e e PS(en)
I -4 PS(m) B 20.0 ]
i fi200 140.0 1 T o Jno.o 0 4 0o ~ 1000
. r 1 = 1200 = 1 = 100 — 1100
£ F ] — 1m0 E 1 — 20 E — 1200
T 44l d — 100 o 44 4 — 10 o F — 1300
g I 1 - 100 & I — 40 @ i o — 1400
© 3 1 — 1600 £ r — 1500 & r — 1500
s , a — 1600 © — 1600
o 4s0- 700 o N : o I :
S s ] § 38l & 38l
> ) ] < 3 < 3 a0
5 S I S I 4
o 7 .— .
K 1 o L o B ]
o 1 ol L o4 L ]
5 a . 5 af 5 arf g
3 ] S 3 S L 8
3 > . > i ]
600 3 3 fso,o
2_5'|x\l|\\IJ||\|III/17O'D o5 L1 M EETETE ERTEY A ol by L1 M A
400 500 600 700 800 400 500 600 700 800 400 500 600 700 800
PLGA concentration (mg) PLGA concentration (mg) PLGA concentration (mg)
d EE at-1 level of X1 e EE at 0 level of X1 f EE at +1 level of X1
[y p— —_ —_ 50 LI LI L e 1 e o 50 T
[ T o | EE® 4 EEM® 3 s EE (%)
| /e0o o4 1 = se0 1 — s60 N (R0 —~ 520
= E 1 -0 = 1 -0 = . — %0
€ I ] — &0 E 1 —s0 g L — 600
~ 44l 41 — eso0 ® 44 - — 680 P 44 - — 640
° y . 1 = L —
g B 1 — %o @ 720 @ 68.0
© B © -
g { @ 2 {-m & f ~ R
s r 1 - w0 2 1 —w0 2 r — 760
c r ] & 38 ] & 38
G 38[ S o 7
2 I bt 5 4 [S]
S - i S 0.0 S
5 i . S . 2
o o 1 @ ] @
- s 1S 1S
£ 1| . 3 j 3
o I 4
> - i > ] > 3
Y- SRR [N I N S 25 P ] ST S A ENRTE SR A ol 1 cl
400 500 60.0 70.0 80.0 400 50.0 60.0 700 80.0 400 50.0 60.0 70.0 80.0
PLGA concentration (mg) PLGA concentration (mg) PLGA concentration (mg)

Fig. 1. Contour plots of LTG-NPs. Effect on PS of polymer concentration (X5) and volume of organic phase (X3) at stabilizer concentration (X7)
of —1 level (a), 0 level (b), and +1 level (¢). Effect on EE of X, and X3 at X; of —1 level (d), 0 level (e), and +1 level (f)
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Pharmacokinetic Evaluation

Radiolabeling

The labeling of drug solution (DS) and NPs with
technetium (*™Tc) was performed by direct labeling as
per the reported method with some modifications (31).
Briefly, the labeling was performed by separately
incubating DS and NPs with pertechnetate solution
(18.5-22.2 MBq) at room temperature using stannous
chloride (5 mg/mL) as a reducing agent and 0.5 M
sodium bicarbonate solution for pH adjustment in sterile NaCl
solution. The conditions were optimized to get highest labeling
efficiency. The quality control (percentage labeling efficiency
and stability of the labeled complexes) was performed as
described (32).

417
Labeling Efficiency

The labeling efficiency of *’™Tc-DS and **™Tc-NPs was
determined using ascending ITLC using silica gel (SG)-coated
fiber glass sheets (Gelman Sciences Inc., Ann Arbor, MI).
Approximately, 2 to 3 pL of the radiolabeled complex was
applied at one end of an ITLC-SG strip and eluted using
acetone as mobile phase. The strip was cut horizontally into
two halves, and the radioactivity in each half was determined
in a gamma ray counter (gamma ray spectrometer, Captec-R,
Capintec, USA). The free **™Tc-pertechnetate that moved
with the solvent (R;=0.9) was determined, while the
radiocolloid (reduced/hydrolyzed) technetium along with the
labeled complex remained at the point of application.

The amount of radiocolloids was determined using ITLC
with pyridine/acetic acid/water (3:5:1.5 v/v) as mobile phase
(33,34). The radiocolloids remained at the point of applica-
tion, while both the free pertechnetate and the labeled com-
plex were carried in solvent front. The activity migrated using
pyridine/acetic acid/water as a mixture was subtracted from
that with the solvent front using acetone, and the net amount
of #™Tc-DS and **™Tec-NPs was calculated.

In Vitro Stability of Labeled Complex

The in vitro stability of radiolabeled formulations was
determined in rat serum. The complex (0.1 mL) was mixed
with 1.9 mL of rat serum and incubated at 37°C. The samples
at different time points up to 48 h were subjected to ITLC
using acetone solvent systems. The percent labeling efficiency
for LTG solution and NPs was determined.

Biodistribution Studies

All experiments conducted on animals were approved by the
Social Justice and Empowerment Committee, Ministry of
Government of India. All animals were received and handled
humanely in compliance with the principles of laboratory animal
care. Animals for experiment were housed in individual cages in a
temperature- and humidity-maintained room with a 12-h light—
dark cycle. Healthy Swiss albino mice, of either sex, weighing 25
to 30 g, were chosen for pharmacokinetic biodistribution study.

Table V. Checkpoint Analysis for LTG-NPs

Values from contour plots

PS (nm) %EE

X X, X3 Calculated Experimental"’b Calculated Experimental"’b
0.5 44.71 2.79 140.3 136.4+3.2 64.63 65.20+2.12
0.5 72.94 3.24 154.1 146.6+4.4 79.35 76.36+1.40
0.5 51.76 4.85 127.9 121.4+2.9 66.88 68.82+1.94
1 77.65 2.65 160.2 165.8+6.2 81.35 80.87+1.75
1 61.18 3.09 138.2 137.5+4.1 70.66 71.11+0.97
1 42.35 4.56 113.9 110.2+3.4 58.71 60.67+2.24
1.5 47.06 2.65 129.2 135.9+3.3 60.41 61.25+1.35
1.5 63.53 3.38 133.2 141.2+2.8 67.09 69.91+1.57
1.5 75.29 4.26 129.6 135.6+5.5 71.00 73.36+1.68

PS particle size, EE entrapment efficiency
“Experimental values are represented as mean+SD, n=3
® Difference from the calculated values was not significant (p>0.05)
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Fig. 3. The influence of the amount of epoxy compound on the density of surface Tf/Lf and PS

The mice were divided into four groups labeled as group I, group
I1, group III, and group IV. The four groups were administered
9mTeJamotrigine solution (LTGS), *™Tc-LTG-NPs, *™Tc-Tf-
LTG-NPs, and *™Tc-Lf-LTG-NPs, respectively. Solution of
LTG was used for comparison. One hundred microliters was
injected via tail vein containing 74-88.8 MBq/kg of radioactivity.
The mice were sacrificed and blood was collected via cardiac
puncture at time intervals of 0.17, 0.5, 1, 2, 4, 24, and 48 h. At
each time point, three mice were sacrificed, and various organs
including the brain, liver, kidney, heart, lungs, and spleen were
dissected. The isolated organs were washed twice with normal
saline, cleared off any adhering tissues, dried between adsorbent
paper folds, placed in tared plastic tubes, and weighed. The
radioactivity present in each tissue/organ was determined using
shielded well-type gamma scintillation counter along with three
samples of standard solution representing 100% of the adminis-
tered dose. The radioactivity fraction of administered dose per
gram of the tissue (% A/g) was calculated in each organ/tissue as
given below,

Sample count »
Sample weight x Standard count

%A/g = 100 (4)

The total radioactivity in a tissue includes the radioactiv-
ity in the vascular space as well as in the tissue parenchyma.

a
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Hence, a correction was made for exact determination of the
radioactivity in tissue using the formula reported by
Hatakeyama et al. (35):

KNiissue = Xorgan_vo C(t) (5)

where V) is the total volume of the vascular space and
tissue parenchyma, as determined by the radioactivities in the
whole organ samples divided by the blood concentration 10
min after i.v. injection. Non-compartmental pharmacokinetic
model, with i.v. bolus dosing, was applied for determining
kinetic parameters using Kinetica (version 4.40, Innaphase,
Philadelphia, PA, USA). Further statistical evaluations were
done using ANOVA considering p<0.05 as significant.

Intradermal Skin Tests

ISO 10993-10, “Tests for Irritation and Sensitization,”
recommends intradermal skin test to prove the irritation and
skin sensitization potential (36). Therefore, intradermal skin
tests were performed to check for the ability of NPs to reduce
LTG-induced rashes and epidermal necrosis as per the proce-
dure previously described (37). Briefly, mice weighing 25-30 g
were selected, and the abdominal skin was shaved. LTG-NPs
and LTG (10 pL, 1 mg/mL) were injected intradermally under
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Fig. 4. The influence of the amount ligand on the density of surface Tf/Lf and PS
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Table VI. PS, PDI, ZP, %EE, and %Residual PVA of Unconjugated and Conjugated NPs

Evaluation parameters

Formulations PS (nm) PDI

ZP (mV) %EE % residual PVA

LTG-NPs
Tf-LTG-NPs
Lf-LTG-NPs

133.9+3.6
151.0+3.8
150.4+4.0

0.048
0.107
0.083

—12.07+0.33
—12.88+0.46
-11.21+0.35

78.28+1.7
76.05+1.8
+1.3 -

5.6+0.3

Each value is represented as mean+SD, n=3

PS particle size, PDI poly dispersity index, ZP zeta potential, EE entrapment efficiency, PVA polyvinyl alcohol

isoflurane anesthesia. Histamine (27 pg/mL) and saline were
used as positive and negative controls, respectively. The reac-
tion of the skin was examined for immediate as well as late
response. Based on the size of the wheal by visual examination
and palpation, a score (0-4) was applied to each injection site.
A score of 0 was given for wheals equivalent to those seen for
the negative control (saline), and a score of 4 was given to the
wheals matching those seen for the positive control (hista-
mine). A score of 2 was given to wheals that were intermedi-
ate between the two controls. Wheals with a score of 2 or
greater were considered positive reactions. The average score
was calculated by dividing the total score with number of
animals (n=0).

Pharmacodynamic Evaluation

With LTG being indicated for neuropathic pain, the
partial sciatic nerve injury model was employed for induc-
ing nerve injury in rats (38). Rats were anesthetized with
ketamine (70 mg/kg, intraperitoneal) along with xylazine
(7 mg/kg, intramuscular). The skin of the lateral left thigh
was incised and the overlying musculature separated to
expose the sciatic nerve. Silk ligature was tied tightly
approximately 1/3 to 1/2 of the diameter around sciatic
nerve. The muscle was then closed in layers and the skin
sutured together. Topical antibiotic powder was applied to
the wound and the animals were housed individually. The
total period of anesthesia did not exceed 30 min. Animals
were allowed to recover from surgical trauma. Responses
to thermal stimuli were measured before and 6 h, 1, 3, 7,
and 14 days after the surgical procedure. Non-injured paw
(contralateral) was used as control. Appropriate time was
decided for evaluation of formulation based on the above
results for thermal hyperalgesia.

The thermal nociceptive threshold was measured accord-
ing to the method of Hargreaves et al. (39). The rats were
placed beneath a clear plastic cage (10x20x24 cm) upon an
elevated floor of clear glass. A radiant heat source (halogen
projector lamp) was placed beneath the glass floor on a mov-
able holder and positioned such that it focuses at the plantar
area of one hind paw. The time interval between the applica-
tion of the light beam and the brisk hind paw withdrawal
response was measured. The experimental cutoff to prevent
damage to the skin was set at 20 s. Licking of their hind paws
or jumping (whichever occurred first) was used as the end
point for the determination of pain response latencies.
Failure to respond within 20 s resulted in the termination of
the test. Animals presenting training latencies higher than 8 s

a ‘ . : i
o

—
200 nm

—
200 nm

Fig. 5. TEM images of a LTG-NPs, b Lf-LTG-NPs, and ¢ Tf-LTG-NPs
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were excluded. Rats were divided into five groups, which were
intravenously administered saline control, LTGS, LTG-NPs,
Tf-LTG-NPs, and Lf-LTG-NPs, respectively.

Each rat was then tested before and 0.5, 1, 2, 4, 8, 16, 24,
36, and 48 h after administration of above-mentioned formu-
lations. The response was converted to maximum possible
effect (%MPE) calculated as [(T1-TO0)/(T2—-T0)]x100,
where TO and T1 were paw withdrawal latency before and
after administration of formulation or saline and T2 was the
cutoff time. The data were expressed as mean of six
determinations.

Stability Study

The stability studies were carried out for the NP formu-
lations at different storage conditions mentioned in ICH for
products intended to be stored in a refrigerator, i.e., 5+3°C for
6 months and 25+2°C/60+5% relative humidity (RH) up to 6
months. The NPs were filled in glass vials, closed with rubber
closures, and sealed with aluminum caps. The contents of the
vials were evaluated at specific time intervals for physical
appearance, particle size (PS), zeta potential (ZP), and drug
content. The obtained stability data for Tf-LTG-NPs and Lf-
LTG-NPs was subjected to appropriate statistical evaluation.

RESULTS AND DISCUSSIONS
Preparation and Optimization of Nanoparticles

Twenty-seven batches for each of LTG NPs were
prepared by nanoprecipitation method using 3 factorial
design, as shown in Table II. In order to determine major
contributing variables, the full model second-order poly-
nomial equation (Egs. 6 and 7) obtained by multiple
regressions was converted to reduced model equation
(Egs. 8 and 9) by omitting non-significant (p>0.01) terms
from the full model (23).

Yps = 137.51-7.22X; + 13.20X,-13.80X
+0.03X7-1.82X3-0.89X3-0.40X, X,—0.11X, X5  (6)
—0.02X,X3-0.15X 1 X, X3
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Fig. 6. DSC thermogram of a LTG-NPs, b LTG, ¢ PLGA, and d PVA
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Yeg = Y = 70.68-2.67X;
+10.52X,-2.50X3-1.08X7-1.43X3 + 0.27X3
+0.14X 1 X,-0.09X 1 X3
+0.27X,X5-0.17X1 XX 3 (7)

The significance of omission of non-significant terms of
equations was confirmed by ANOVA of full model and re-
duced model for PS and EE as shown in Tables III and IV,
respectively. Since the calculated F value was less than the
tabled F value for PS as well EE, it was concluded that the
neglected terms have insignificant effect on the prediction and
reduced model can be applied. Further, the goodness of fit of
the model was concluded from the high values of the deter-
mination coefficient R* for PS and EE indicating a high
significance.

Yps = 135.72-7.21X 4+ 13.20X,-13.88X3 (8)

Yig = 70.85-2.67X + 10.52X,-2.49X5-1.08X3-1.43X5 (9)

When the coefficient values of three independent key
variables (X7, X,, and X3) in Eq. 8 were compared ignoring
the sign, the value for variables X, (b;=13.20) and X3 (b,=
—13.88) was found to be higher, and hence, the variables
polymer concentration (X,) and volume of organic phase
(X3) were considered to be major contributing variables for
PS. Similarly, when the coefficient values of three independent
key variables (X;, X>, and X3) in Eq. 9 were compared, the
value for variable X, (b;=10.52) was found to be higher, and
hence, the variable polymer concentration (X;) was consid-
ered to be a major contributor for EE. The optimum formu-
lation offered by software based on desirability was found at 0,
1, and 1 level of X, X5, and X3, respectively. The calculated
desirability factor for offered formulations was 1.00 indicating
suitability of the designed factorial model.

The study design was used to study the effect of PLGA
concentration, and it was found that an increase in PLGA
concentration led to an increase in the PS of the NPs.
Availability of PVA on the surface of NPs prevents the aggre-
gation of NPs during solvent evaporation, but in case of higher
concentrations of PLGA, deposition of PVA on the particle
surface may not be uniform and sufficient leading to an
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Table VII. Radiolabeling Summary of DS and NP Formulations

LTGS LTG-NPs Tf-LTG-NPs Lf-LTG-NPs

Method Direct labeling Direct labeling with Direct labeling with Direct labeling with

reduced technetium reduced technetium reduced technetium
Amount of SnCl, (ng) 150 150 150 150
pH 6.5 6.5 6.5 6.5
Incubation duration (min) 15 30 30 30
Labeling efficiency (%) 98.16 97.14 96.87 97.53
Activity added (MBq) 18.5-22.2 18.5-22.2 18.5-22.2 18.5-22.2

increase in PS. However, an increase in the concentration of
PLGA increases the EE. The increase in PS with the increas-
ing PLGA concentration can increase the length of diffusion
pathways of drug from the organic phase to the aqueous
phase, thus reducing the drug loss through diffusion and in-
creasing EE (24). PS of NPs decreased with the increase of
PVA concentration. The decrease in EE with the increase
of PVA concentration was probably due to a decrease in
PS (40). The PS and EE were found to be inversely
proportional to the organic/aqueous phase ratio. As the
organic/aqueous phase ratio was increased, the PS and drug EE
were decreased, which is in congruence with observation in our
previous study (24).

By keeping the minor contributing independent variable
(X1) fixed at —1, 0, and +1, the contours were constructed
between the other independent variables (X, and X3) for PS
and EE separately. As shown in Fig. la—c, the contour plots
for PS were found to be a curved sector signifying a non-linear
relationship between variables X, and X3. From the figure, it
was concluded that with X, between 40 and 50 mg and
Xsbetween 4.5 and 5 mL, minimum PS (<120 nm) could
be achieved. Similarly, panels d to f of Fig. 1 are the
contour plots of PLGA-NPs for EE, which were curved
sector, and through Fig. 1d, f, it was concluded that maximum
EE (>72%) could be obtained with X, between 70 and 80 mg
and entire range of X3.

To get the desired attribute for unconjugated NPs (PS
<150 nm and EE >70%), the overlay of PS and EE contour at
0 level of X7 (overlay of 1B and 1D) was obtained as in Fig. 2.
It was found that the area between 130 and 140 nm PS curves
crossed by 72% EE curve, marked with arrow, is most
favorable.

The checkpoint batches were selected from contours plot-
ted at fixed levels of —1, 0, and 1 of independent variable X;
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Fig. 8. The blood levels of LTG, LTG-NPs, Lf-LTG-NPs, and Tf-
LTG-NPs

(for PS) and X, (for EE). The computed values from contours
and the experimental values are recorded in Table V for PS
and EE. Both experimentally obtained and theoretically com-
puted PS and EE values were compared using Student’s ¢ test,
and the difference was found to be non-significant (p>0.05).

This proves the role of a derived reduced polynomial
equation and contour plots in the preparation of NPs of
TMD and LTG of predetermined PS and drug entrapment
efficiency within the selected range of the independent
variables.

Finally, the batch with PS of 133.9+3.6 nm and drug
entrapment efficiency of 78.28+1.7% prepared at 0 level of
X1 (1% w/v PVA in aqueous solution), +1 level of X, (100 mg
polymer), and +1 level of X3 (organic/aqueous phase of 1:2,
i.e., 5 mL of organic phase and 10 mL of aqueous phase) was
considered to be optimum based on the preset criteria of PS
<150 nm with highest EE. To validate the reproducibility of
the work, tolerance limits were established to prepare the opti-
mized batch having the desired PS and entrapment characteristic.
The tolerance for PVA concentration (1+0.05%), polymer con-
centration (100+5 mg), and volume of organic phase (5+0.25
mL) were observed, and any deviations away from these were
found to result in non-desirable values. Further, the process
parameters were set as revolutions per minute (600+50 rpm),
rate of addition of internal phase (0.5+0.1 mL/min), and process-
ing temperature (25+2°C).

Functionalization of LTG-NP

It is reported that PVA cross-links with PLGA surface in
the form of residual PVA (41). One of the epoxy of SR-4GL
conjugated to the hydroxyl group of PVA and the other to the
amine group of Tf/Lf. The aim of optimization was to achieve
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Fig. 9. The brain levels of LTG, LTG-NPs, Lf-LTG-NPs, and Tf-
LTG-NPs
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a minimum increase in PS and a maximum Tf/Lf density on compound on the density of surface Tf/Lf and PS was evalu-
the surface of NPs. The influence of the amount of epoxy ated keeping the amount of NPs and the amount of Tf/Lf

Table VIII. Pharmacokinetic Parameters of Formulation in Brain and Blood

Formulation Brain and blood sample a(h™) g™ t12P (h) AUCy 45 MRT (h)
LTGS Brain - 0.069+0.005 10.09+0.54 1.26+0.01 10.67+0.22
Blood 0.965+0.048 0.061+0.006 11.34+0.78 36.03+0.44 11.60+0.60
LTG-NPs Brain - 0.046£0.006 15.01+1.14 2.34+0.03 19.31+0.41
Blood 0.618+0.031 0.037+0.003 18.82+0.98 59.48+ 1.02 22.27+0.89
Tf-LTG-NPs Brain - 0.038+0.006 18.10+1.08 4.32+0.11 23.26+1.11
Blood 0.633+0.041 0.041+0.003 16.80+1.28 57.83+1.56 19.50+0.48
Lf-LTG-NPs Brain - 0.037+0.002 18.60+1.19 6.37+0.18 25.51+0.59
Blood 0.651+0.028 0.044+0.003 15.83+0.82 52.81+2.09 17.83+0.86

a distribution rate constant, § and ;58 elimination rate constant and elimination half-life, respectively
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Table IX. Relative Targeting Ratio of LTG formulations

Ratio

Comparison mode Formulations value
Targeting with respect LTG-NPs/LTGS 1.12
to drug solution Tf-LTG-NPs/LTGS 2.14
Lf-LTG-NPs/LTGS 3.45

Targeting with respect Tf-LTG-NPs/LTG-NPs 1.90
to plain NPs Lf-LTG-NPs/LTG-NPs 3.07
Lf-conjugated NPs with Lf-LTG-NPs/Tf-LTG-NPs 1.61

respect to Tf-conjugated
NPs

constant at 75 and 1 mg, respectively, and the results are
graphically shown in Fig. 3. The amount of epoxy compound
was varied at 5, 10, and 20 mg. With the increase in the
amount of the epoxy from 5 to 10 mg, the surface Tf density
for Tf-LTG-NPs increased from 6.7 to 10.7 ng/mg and the PS
increased from 146.9 to 151.0 nm. Increasing the epoxy com-
pound further to 20 mg did not considerably increase the
surface Tf density. However, the PS increased from 151.0 to
168.7 nm. Similar results were observed for Lf conjugation.
Hence, the epoxy amount was optimized at 10 mg for both Tf
and Lf conjugation with LTG-NPs. Conjugation efficiency of
Tf and Lf to LTG-NPs at 10 mg concentration of SR-4GL was
80.3% and 85.5%, respectively.

Similarly, the influence of the amount of ligand on
the density of surface Tf/Lf and PS was evaluated keeping
the amount of NPs and the amount of SR-4GL constant
at 75 and 10 mg, respectively, and the results are graph-
ically shown in Fig. 4. The amount of Tf was varied from
0.25 to 1.5 mg. For LTG-NPs, with an increase in the
amount of Tf from 0.25 to 1.0 mg, the surface Tf density
increased from 3.3 to 10.7 pg/mg and the PS increased
from 140.2 to 151.0 nm. Further increasing the amount of
Tf from 1.0 to 1.5 mg and the Lf density increased from
10.7 to 13.0 pg/mg, the PS increased from 151.0 to 163.5
nm. Also, the conjugation efficiency dropped from 80.3%
to 65.0% with an increase in Tf from 1.0 to 1.5 mg. For,
intravenous administration, the preferable PS is below 200
nm, and hence considering the size and conjugation effi-
ciency, 1.0 mg of Tf/Lf was considered as optimized
amount (42). The conjugation of amino group of the Tf
and Lf to the epoxy group was estimated and found to be
10.6 pg Tf/mg NPs and 11.1 Lf/mg NPs, which represents
approximately 186 Tf molecules per NP and 185 Lf mol-
ecules per NP.
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LTGS Tf-LTGS-PLGA-NP Lf-LTGS-PLGA-NP

Fig. 11. Gamma scintigraphy image 2 h post-i.v. administration of a
TMDS, b T-TMD-PLGA-NP, and ¢ Tf-TMD-PLGA-NP to mice

Characterization of NPs

The PS, ZP, %EE, and residual PVA for LTG NPs are
recorded in Table VI. The PS of unconjugated NPs was found
in the range of 141.1-158.8 nm. Lower PS (<200 nm) suggests
suitability of formulation for intravenous applications, while
the polydispersity index (PDI) of <0.1 suggests uniform PS
distribution. Further, during conjugation, it was ensured to get
an insignificant increase in size. ZP of NPs was found in the
range of —12.88 to —9.35 mV. The negative value was attrib-
uted to the presence of terminal carboxylic groups in the
polymers. The ZP values in the range of + (10-30) are ideal
for stability against particle—particle agglomeration. A mar-
ginal decrease was observed in ZP with Tf; however, the ZP
increases after conjugation with Lf due to its electropositive
nature. The drug encapsulation efficiency was found to be
higher than 70% for all NP formulations indicating the effi-
ciency of the nanoprecipitation method for selected drugs.

TEM study (Fig. 5) confirmed the size, uniform distribu-
tion, and spherical nature of unconjugated and surface-
modified NPs. DSC study (Fig. 6) was performed to investi-
gate the physical state of the drug in the NPs. LTG had
endothermic peak at 217-220°C, while the drug-loaded NPs
had no such peak, indicating molecular dispersion of drug in
polymer matrix.

In vitro drug release from LTG-loaded NPs (conjugated
and unconjugated) is shown in Fig. 7. An initial burst release
of approximately 20% was observed within 4 h, which may be
attributed to the LTG present at the surface of the NPs. More
than 50% of drug was released within 1 day for all NP formula-
tions. The prolonged release was observed up to 5 days, showing
a typical sustained drug release. Further, the conjugation of the
NPs does not affect the in vitro release of the LTG from

Table X. AUC _4s) Values of Different Organs for LTGS and LTG NP Formulations

Formulation
Organ LTGS LTG-NPs Tf-LTG-NPs L{-LTG-NPs
Liver 231.72+13.45 132.83+6.48 157.33+7.11 193.93+8.34
Spleen 118.39+7.65 115.16+8.11 166.10+8.59 151.63+4.15
Kidney 121.58+4.78 74.50+5.34 90.48+5.28 104.97+6.21
Lungs 26.18+1.31 21.42+2.02 14.38+1.37 14.49+1.21
Heart 26.50+3.12 17.87+1.02 13.92+0.96 9.38+0.65

Values are represented as mean+=SD, n=3
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NPs. The general mechanism by which an active agent is
released from a delivery vehicle is a combination of dif-
fusion of an active agent from the polymer matrices, bulk
erosion, and degradation of the polymer. Since the degra-
dation of PLGA (ester hydrolysis) is slow, the release of LTG
from NPs is governed by drug diffusion from PLGA matrix (43).

Pharmacokinetic Evaluation

For tagging the formulations, generally the **™Tc is
reduced in the presence of formulations or the previously
reduced technetium is used directly. The former method was
preferred for drug solutions while direct labeling method was
used for NPs. Table VII shows the optimized processing
conditions for radiolabeling. Labeled complex was evaluated
for labeling efficiency and stability using ascending TLC.

The in vitro stability of radiolabeled preparations was
checked in presence of rat serum and 0.9% w/v sodium chloride
up to 48 h. The labeling efficiency of **™Tc-labeled formulation
at all the time points was found to be greater than 90%. The
serum stability of the labeled complexes indicated the suitability
of labeled complex for the biodistribution studies.

The *™Tc-labeled LTG and LTG-loaded NPs were ad-
ministered to mice by intravenous route. The resultant blood
and brain levels of LTG and LTG-loaded NPs as detected by
percent radioactivity measurement are shown in Figs. 8 and 9.
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Fig. 13. Comparison of anti-nociceptive effects of LTGS, LTG-
PLGA-NP, Tf-LTG-PLGA-NP, and Lf-LTG-PLGA-NP

The LTG and NPs exhibited significantly different pharmaco-
kinetic profiles.

As shown in Fig. 8, it was observed that LTG displays
biphasic plasma behavior and undergoes initial distribution
phase followed by prolonged elimination phase which is in
congruent with the previous reports (8). The result can be
attributed to combined effect of elimination as well as distri-
bution to other organs as shown in organ distribution study.
The liver, owing to the lipophilic nature of drug, extracts most
of drug from plasma (Fig. 10). This decline in plasma concen-
tration can lead to termination of drug action by redistribution
of drug from the brain into blood and other tissues where drug
has no action or can result into adverse reaction (9). The o
values, distribution rate constant, were calculated as an indi-
cator of rate of decline in blood concentration during distri-
bution phase using the method of residual (Table VIII) (44). It
was found that LTGS removed from blood at highest rate
(0.965 h™"). The NPs were found to decrease the rate of
distribution, reduced o value, which indicates that drug was
confined to the blood compartment as a result of decreased
uptake of nanoparticles compared to drug into organs like the
liver and spleen during the distribution phase. Although not
significant, the marginal higher o values of conjugated NPs
over unconjugated could be because of receptor-mediated
uptake in the liver and spleen which was confirmed in organ
distribution study. The blood area under curve (AUC)(o_4s)
of unconjugated NPs was much higher than that of LTG;
about ~1.65-fold greater indicates LTG-NPs’ ability to en-
hance bioavailability. At the same time, the elimination #,
of drug was significantly increased by the NPs with L{-LTG-
NPs, showing a 1.9-fold increase in ¢, signifying that NPs also
slow the decline in blood concentration in elimination phase
as well. The fact was further supported by subjecting the data
for non-compartmental analysis to determine the mean reten-
tion time (MRT) values. There was an increase in the MRT
(h) value for LTG by ~2-fold on encapsulation of LTG into
NPs. The comparison of conjugated and unconjugated NPs
shows that unconjugated NPs have longer MRT (22.27 h) in
blood than Lf and Tf-conjugated NPs, 19.5 and 17.83 h, re-
spectively (Table VIII).

The brain concentration profile of LTGS shows that the
higher concentration was achieved initially in the brain which
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Table XI. Stability Study Data of Tf-LTG-PLGA-NPs and Lf-LTG-PLGA-NPs

Parameters evaluated

Condition Duration Redispersibility” PS (nm) ZP (mV) % drug content
- Initial 0 151.0+3.8 -12.88+0.46 100.00
5+3°C 3M 0 152.1+3.3 -12.65+1.27 99.62+1.01
6 M 0 1543435 -12.14+0.36 99.21+0.87
25+2°C/60+5% RH 1M 0 155.6+4.2 —11.89+0.47 99.51+0.85
2M 0 161.4+4.9 -11.37+1.44 99.18+1.34
3M 0 170.8+5.2 —10.78+0.35 98.64+0.95
6M 1 208.5+3.2 —9.24+0.56 97.56+0.74
5+3°C 3M 0 153.4+3.5 -10.54+1.26 99.82+1.27
6M 0 156.2+4.3 -10.22+0.28 99.34+1.19
25+2°C/60+5% RH 1M 0 158.2+3.2 —-10.88+0.57 99.68+1.09
2M 0 164.7+6.1 -10.17+1.38 99.29+0.52
3M 0 166.3+5.8 —9.86+0.42 98.77+1.23
6M 1 221.2+43 -8.05+1.23 98.16+0.78

Values are represented as mean+SD, n=3
PS particle size, ZP zeta potential
“0 easy redispersibility, 1 poor redispersibility

decreases rapidly to below 50% A/g within 1.5 h. However,
the NPs were able to maintain the concentration for
prolonged period of time. The AUCo_4g) values of the brain
for LTG-NP, Tf-LTG-NPs, and L{-LTG-NPs were found to be
1.86-fold, 3.43-fold, and 5.05-fold, respectively, higher than
LTGS after i.v. administration. This shows that the NP formu-
lation significant increased the availability of drug at target
site than the LTGS, while conjugation with the Tf and Lf leads
to further augmentation and brain targeting. This was further
supported by f;, values which showed an approximate 1.8-
fold increase in case of NPs. The MRT values of LTG-NP, Tf-
LTG-NPs, and Lf-LTG-NPs were found to have a 1.8-, 2.18-,
and 2.39-fold increase than LTGS, respectively.

The brain/blood radioactivity ratios of 0.120>0.075>
0.039>0.035 for Lf-LTG NPs, Tf-LTG NPs, LTG-NPs, and
LTG solution, respectively, at 48 h also indicate the relative
superiority of the prepared NPs for brain delivery. Further, it
was observed that the relative targeting ratio (Table IX) for
LTG-NPs is higher than the LTGS. Encapsulation of LTG in
NPs significantly enhanced the targeting of the LTG to the
brain. Further, the conjugation of NPs with Lf and Tf results in
2.14- and 3.45-folds higher brain targeting than LTGS and
1.90- and 3.07-folds higher brain targeting than unconjugated
NPs. Finally, the targeting ratio of 1.61 for Lf-conjugated NPs
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Fig. 14. Drug release profile from Lf and Tf-conjugated nanoparticle
before and after stability study

over Tf conjugated NPs shows the superiority of Lf-LTG NPs,
than Tf-LTG NPs for brain targeting.

The mechanism behind the brain uptake of Tf and Lf
conjugated NPs could be due to receptor-mediated endocyto-
sis/transcytosis. The observation of superior uptake of Lf-
conjugated nanoparticles against Tf-conjugated NPs corrobo-
rates our previous study (24). This was attributed to the low
circulating concentration of endogenous Lf and to the approx-
imately 5 nM higher Kd for brain affinity, thereby avoiding the
competitive uptake of endogenous Lf to Lf-conjugated nano-
particles as compared to Tf (45). At the same time, relatively
cationic nature of Lf might be imparting higher affinity for
interaction with negatively charged cell membranes and the
phenomena of unidirectional transport of Lf across the BBB
from the apical side to the basolateral side, with no apparent
intra-endothelial degradation could be the other contributors
for superiority of Lf over Tf (46,47).

Tissue distribution study shows the concentration—time
profile of LTG in different organs following i.v. administration
(Table X). LfR has been identified in many tissues, including
monocytes, lymphocytes, liver, and mammary epithelial cells,
while TfR are expressed in the liver, spleen, and kidney
(48,49). Figure 10 shows that LTGS displayed significantly
higher accumulation in these organs as compared to the NP
formulations. This reduced uptake of LTG in organs other
than the site of action will contribute to the decrease in side
effects of the drug (11,12). On the other hand, the entrapment
of LTG in NPs reduces the exposure to free drug in systemic
circulation which can significantly reduce the chances of ad-
verse reactions (11).

When organ distributions of NPs were compared with
each other, it was observed that ligand-conjugated NPs
showed higher accumulation in the liver than unconjugated
NPs, which could be because of the presence of Tf (49) and Lf
receptors in the liver (20). In the spleen, Tf-conjugated NPs
displayed slightly higher accumulation than their Lf counter-
part possibly because of modest presence of LfR against TfR.
The findings were confirmed from literature citing the exis-
tence of LfR and TfR in the liver, spleen, and kidney (49,50).
Similarly, LfR has been identified in many tissues, including
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monocytes, lymphocytes, and liver (48). Figure 11 shows im-
ages of gamma scintigraphy 2 h post-intravenous administra-
tion. The major radioactivity was seen in the liver and spleen
which gradually decreases in NPs.

Intradermal Skin Test

The skin tests showed very little visible irritation after
injection of LTG-NPs. The average score values for LT'Gs and
LTGS were found to be 2.93+0.40 and 1.20+0.5, respectively.
In addition, there were no immediate response (within 20
min) observed in both the formulations; however, the LTGS
induced wheal formation as a result of late hypersensitivity
response, while the same was absent for LTG-NPs. This is
because of the property of LTG which induces severe rashes
and epidermal necrosis through the activation of T lympho-
cytes; on the other hand, entrapment of LTG inside NPs
decreases the exposure of free drugs to the skin and decreases
toxicity (6).

Pharmacodynamic Evaluation

Antinociception, produced by the i.v. administration of
the drug solution and different NP formulations, was tested
using radiant heat method in neuropathic rats. The analgesic
effect of LTG NP formulations, determined as paw withdrawal
latency, at different time point is shown in Fig. 12. Conjugated
NP formulation of LTG displayed significantly higher
antinociceptive effect, when compared against unconjugated
NPs as well drug solution (p<0.05). Also, the antinociceptive
effect of conjugated NPs was sustained for a period of 48 h.
The data obtained after converting the paw withdrawal laten-
cy into %MPE for LTG-NPs is shown in Fig. 13. TE-LTG-NPs
and Lf-LTG-NPs showed MPE of 64.53% and 74.85%, respec-
tively, after 1 h of administration, and antinociceptive effect
was sustained for a period of 48 h.

The study reveals the enhanced efficacy of ligand-
conjugated NPs against unconjugated NPs and Lf-conjugated
NPs against Tf-conjugated NPs. The improved efficacy of
conjugated NP formulation shows the possibility of site-
specific targeting with prolonged therapeutic response leading
to dose reduction and minimized side effects. The
antinociceptive effect of solution and NP formulations was in
agreement with blood and brain distribution of the formula-
tions observed in biodistribution studies.

Stability Study

The results for the stability studies are represented in
Table XI. No significant change from initial characteristics
was observed in PS, zeta potential, drug content, and
redispersibility of protein-conjugated NPs at 5+3°C after 6
M and at 25+2°C/60% RH=+5% RH after 3 M. Figure 14
shows the drug release profile for formulation after 6 M
storage at 5+3°C. The storage of the conjugated NPs at accel-
erated conditions led to a slight increase in the PS which was
significant only after 6 M. The zeta potential values after 6 M
at accelerated conditions were found to be decreased slightly.
In addition, the NPs displayed poor redispersibility and in-
creased polydispersity index. This could be attributed to the

Lalani ef al.

acidic conditions produced due to the degradation of PLGA
into lactic and glycolic acid.

CONCLUSION

PLGA-NPs containing LTG were successfully prepared
by nanoprecipitation technique and optimized by 3 factorial
design. The optimized formulation was obtained using 100 mg
of PLGA, 1% of PVA, and 1:2 ratio of acetone/water phase.
Further, the study showed that preparation of NPs and surface
functionalization using LF and Tf improve the poor pharma-
cokinetic profile of LTG in order to achieve brain targeting
and retention with sustained release to overcome short dura-
tion due to redistribution. Lf was proved to be superior to Tf
for brain targeting after intravenous administration. The low
endogenous concentration, cationic charge, and unidirectional
transport in case of Lf could be major reasons for enhanced
uptake of Lf-conjugated nanoparticles in the brain when com-
pared against Tf-conjugated nanoparticles. At the same time,
the entrapment of LTG within the NPs ensures minimum
exposure to free drug which can reduce the chances of side
effects. Finally, additional in vivo studies on higher animal
model in the future can confirm the findings and help in
further optimization of the delivery system.
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