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Abstract: The blood-brain barrier (BBB) curtails the permeability of neuroprotec-
tive drugs to the brain thus restricting the effective delivery of therapeutics for neu-
rodegenerative disorders. Recently, greater emphasis has been given for polymeric
nanoparticles as a potential delivery system to transport drugs across the blood-brain
barrier. This study focuses on the cellular route, localization and enhancement of
uptake of drug loaded polymeric nanoparticles for delivery across the blood-brain
barrier. We have optimized and synthesized polylactic-co-glycolic acid (PLGA)
nanoparticles as a carrier for the delivery of drugs across the barrier. Cell penetrat-
ing peptide trans-activating transcriptor (TAT) was conjugated with the polymer J ‘
through covalent bonding for increasing the efficiency of drug delivery across the o

BBB. Rhodamine-B was used as a model drug to study the release of drugs from the
synthesized nanoparticle and finally the in vivo uptake in a mice model was checked.

The size of the synthesized nanoparticles was in the nanometer range and the release E— 5{”\ ‘@

profile revealed a rapid release appropriate for brain delivery. The cellular uptake Q
experiments revealed that the peptide conjugated nanoparticle was readily taken

up by the cells through macropinocytosis. Finally, to overcome the challenges for drugs to cross the BBB in an in vivo system, we have
tracked the bioavailability of the nanoparticles in a mice model. Here we report an enhanced uptake of the peptide functionalized drug
delivery carrier to successfully deliver and track therapeutic molecules across the blood-brain barrier in vivo.

TAT Conjugated Rh-B loaded PLGA NP

Keywords: TAT-mediated nanoparticle delivery, BBB, neurodegeneration, endocytosis, in vivo imaging.

for the therapeutics to encounter, is composed of endothelial cells
with tight junctions. These specialized endothelial cells limit
the permeability of the molecules entering the brain through
various proteins like claudins, occludins and adhesion pro-

Introduction

Neurodegenerative diseases affect the brain and the spinal
cord, thereby having greater impact on the socio-economic sta-

tus of the affected individuals. Disorders like Alzheimer’s, Par-
kinson’s etc. affect the neurons resulting in ataxias (motor
dysfunction) or dementias (mental dysfunctioning). Effective
drug delivery to the brain encompasses numerous challenges
due to the multi-level barriers possessed by our nervous sys-
tem. The blood-brain barrier (BBB) being the foremost hurdle
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teins.® Besides, the efflux carriers like P-glycoprotein (P-gp) toss
any foreign moiety entering the BBB.* Hence, for the transport
of therapeutic molecules to the brain, invasive and non-inva-
sive methods are used. While invasive methods change the per-
meability of the blood-brain barrier, non-invasive methods
offer greater advantages without disrupting the barrier.
Non-invasive techniques depend greatly on the nanotechno-
logical advances in the recent years. Nanoparticles, nanofibers,
nanotubes have emerged as a potential therapeutics in the field
of medicine, owing to its wide applications and adaptations.
Amongst them, polymeric nanoparticles have gained attention
as drug delivery carriers due to their compatibility with biological
models, sustained drug release, targeted delivery etc. Nanopar-
ticles synthesized in the range of 10-1,000 nm can efficiently
transport drugs across the BBB due to their smaller size. More-
over, surface modifications like PEGylation on these nanoparti-
cles render them biocompatible and hence can be used as an
efficient delivery carrier in biological systems.>” Therefore, we
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aimed to synthesize an image-guided nanotized delivery carrier
that can efficiently translocate across the BBB.

To this end, we have used the polymer PLGA as a delivery
carrier to cross the BBB. PLGA (polylactic-co-glycolic acid) is an
FDA approved copolymer with excellent biocompatibility and
biodegradability. Many metabolic pathways produce glycolic
acid and lactic acid as the byproducts and therefore degrada-
tion products of PLGA are eliminated without toxicity and
immunogenicity issues, particularly for delivery to the brain."®’
Rhodamine B (Rh-B) was used as a sample drug to analyze and
understand the loading and release behavior and also as a
potential fluorescent marker for tracking the cells in vitro."**?
Cellular uptake by the endothelial cells lining the barrier is an
immense challenge and the course of uptake also plays a major
role in drug design and delivery. Therefore, to increase the
nanoparticle delivery efficiency through the BBB, cell penetrat-
ing peptides (cpp) are being conjugated to the nanoparticles.
Trans-activating transcriptor (TAT) peptide, a cationic peptide
derived from the HIV-1 virus is used for delivering cargos to
the brain because of their ability to transfer molecules without
disrupting the BBB. It has been previously proven that TAT
peptides can even translocate large molecules like 8 galactosi-
dase and supramolecular nanostructures in the tissue culture.’***
Receptor mediated transport using lactoferrin, transferrin recep-
tors require the right ligands for effective transport. Neverthe-
less, receptor saturation and expression of these receptors in
different tissues and cells pose a disadvantage. In this regard,
cationic peptides provide additional advantage without the need
for receptor targeting for the transport of larger molecules through
endocytic vesicles."*'*'” Hence, TAT peptide was chosen for the
transport of the nano-carrier across the BBB.

Nanoparticle based delivery in an in vivo system depends on
the nano-cell interactions, microenvironment, route of admin-
istration etc.'® While there are numerous reports that empha-
sis on the delivery of drugs across the BBB, very few carriers
have entered clinical trials because of the complexity of the bio-
logical models with respect to the uptake of the nanoparticu-
late system.?'%%!

Hence, the particle size, delivery route, uptake mechanism are
vital for successful delivery of drugs to the BBB. In this report,
we have standardized the synthesis technique and parameters
to produce image-guided polymeric nanocarriers with optimal
size and stability which is essential for drug delivery to the brain.
Moreover, the synthesized nanoparticles were surface modi-
fied with TAT peptide for enhanced uptake and the endocytic
route of uptake was studied. We have also shown that the syn-
thesized TAT peptide conjugated RhB-PLGA carriers are effi-
cient in crossing the BBB in an in vivo system in real time.

2. Experimental

2.1. Materials

Polylactic-co-glycolic acid (PLGA) 75:25 (Mw: 66,000-107,000),
poly-vinyl alcohol (PVA) (Mw: 85,000-124,000), nystatin, chlor-

promazine and colchicine were purchased from Sigma Aldrich.
Dichloromethane and methanol were purchased from SD fine
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chem. Ltd, Mumbuai, India. TAT peptide and TAT peptide conjugated
with FITC were synthesized by Sigma Aldrich. AHNAK antibody
was purchased from Santa Cruz. Water used in the experiments
was purified through Millipore systems (Millipore, USA). All other
chemicals and solvents used were of analytical grade.

2.2.Nanoparticle synthesis

PLGA nanoparticles were synthesized using solvent emulsion
and nano-precipitation methods. For the emulsion method, PLGA
was dissolved in dichloromethane (DCM) at 2.5% w/v. Dissolved
PLGA solution was then added dropwise into 5% w/v PVA at
1:2 ratio under constant vortexing and probe sonicated with
10s burst at 40% amplitude. The resulting emulsion was then
added to 50 mL of 0.3% PVA w/v and stirred for 3 h for complete
evaporation of the solvent. Nanoparticles synthesized were
recovered through centrifugation at 20,000g for 20 min and
washed thrice with deionized water. Nanoparticles were resus-
pended in water, lyophilized (SCANVAC Coolsafe, Denmark) and
stored at-20 C.

For nano-precipitation, 60 mg of PLGA copolymer (0.25%
w/v) was dissolved in DCM:acetone:methanol mix. The ratio of
the solvent combination was standardized by changing the
concentration of Acetone and optimized at the ratio of 0.5:20:5
(DCM:acetone:methanol). This solution was then added drop
wise to 0.05% PVA under continuous stirring for 3-4 h at 6,000
rpm to evaporate the organic solvent. The solvent to anti-sol-
vent ratio was fixed at 1:2. For the dye loaded nanoparticles, 10
uL of the dye (rhodamine stock 0.1 uM) was dissolved in the
organic phase. This mixture was then added dropwise to 0.05%
PVA at the same ratio. Unloaded dye was washed off by centrif-
ugation in double distilled (milliQ) water. The resulting nanoparti-
cles were lyophilized and stored at -20 C (SCANVAC Coolsafe,
Denmark). Since nano-precipitation yielded nanoparticles of
smaller size it was standardized and used further.

2.3. Peptide functionalization of the nanoparticles

For enabling uptake across the BBB, PLGA nanoparticles (PNP)
were tagged with the TAT peptide. TAT peptide was conjugated
to the nanoparticles with the carbodiimide (EDC/NHS) chem-
istry. PLGA NPs (10 mg) were activated in 0.1 M MES buffer
and incubated with 100 pL. of EDC/NHS in the same ratio at
4 C for 1 h. To the activated nanoparticles, 500 L of TAT was
added (1 mg/mL in phosphate buffered saline (PBS)) and incu-
bated at RT for 3 h.?2 After the incubation period, the nanoparti-
cles were collected by ultracentrifugation and the unconjugated
peptides were washed off in milliQ water.

2.4. Physico-chemical properties of the nanoparticles

Dynamic light scattering method was used to analyze the parti-
cle size of the synthesized nanoparticles. Nanoparticles were
dispersed in water and 1 mL of the solution was used for the
analysis. Surface morphology and size of the nanoparticles were
further confirmed by using field emission scanning electron
microscopy (TESCAN, Clara). 100-200 L of the nanoparticle solu-
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tion was dried in a cover slip and used for the analysis. The ele-
mental composition of the nanoparticles encapsulated with
dye was assessed by Fourier-transformed infrared spectro-
scopy (Perkin-Elmer, USA). The nanoparticles (PLGA, PLGA with
rhodamine (Rh-B PNP) and TAT conjugated PLGA nanoparti-
cles (Rh-B Cp PNP)) were mixed with Potassium bromide (KBr)
and pressed into pellets. These pellets were used for FT-IR analysis.
The elemental composition before and after peptide conjugation
was examined using an XPS system. The spectra were recorded
for Cl1s, N1s, O1s and the binding energies (eV) were calcu-
lated. Yield of the lyophilized nanoparticles after synthesis was
calculated by the formula:

Weight of nanoparticles obtained

0, i =
% Yield Weight of nanoparticle used for synthesis

x 100 (1)

2.5. TNBS assay

Trinitro benzene sulfonic acid (TNBS) assay was used to quan-
titate the primary amine groups present in the nanoparticles.
Briefly, 4 mg of nanoparticle (Peptide conjugated) and equal
volume of TAT peptide used for conjugation were measured
and incubated with 4% NaHCOj; at room temperature. After 30
minutes, 1 mL of 0.5% TNBS was added and incubated at 40 C
for 2 h. To this mixture, 6N HCL was added and incubated for
1h at 60 C. Absorbance was measured at 335 nm (Bio-Rad,
USA).

2.6. Release of rhodamine from the nanoparticles

The in vitro release of the fluorescent dye Rhodamine B (Rh-B)
was determined by fluorescent spectroscopy. Nanoparticles
(1 mg/mL) were suspended in PBS (pH 74,37 + 2 ‘C) and incubated
at 37 C with orbital shaking. At predetermined time intervals,
1 mL of the solution was removed followed by replacement of
equal volume PBS. The fluorescence was measured at an emis-
sion wavelength 574 nm using TECAN Bio instrument. The
results were plotted against time and percentage. All the exper-
iments were replicated in triplicates and the results were reported
as average values. Similarly, the loading of Rh-B in PLGA NPs was
obtained after dissolving the nanoparticles in the solution and
then measuring the fluorescence at 574 nm (Infinite 200 pro,
TECAN systems).

2.7. Biostability analysis of the synthesized nanoparticles

Stability of the synthesized nanoparticle (Rh-B PNP) in biologi-
cal medium (PBS-pH 7.4, DMEM, DMEM with 10% FBS) was
analyzed by measuring the particle size as a function of time.
Briefly, 10 mg nanoparticles were dispersed in 10 mL of PBS,
DMEM or DMEM with FBS and at regular intervals, 1 mL solu-
tion was used for the analysis.

2.8. Cell culture

Neuroblastoma (N2A) cells were used for the study. Cells were
cultured in DMEM high glucose with 10% FBS and supple-
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mented with Ampicillin (1 mg/mL), 1% penicillin/streptomy-
cin/gentamycin under a humidified environment at 37 C and
5% CO, (Binder, Germany),

2.9. Cell viability assay

Cytotoxicity of the PLGA nanoparticles and rhodamine-labelled
nanoparticles were determined by MTT (3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide) assay in N2A cells.
Cells were seeded at a density of 2 x 10*in a 48 well plate.
Nanoparticles were added in different concentration in tripli-
cates once the cells reached confluence (10-100 pg/mL). After
incubating for about 24 h, cells were washed thrice with PBS
and 100 pL of MTT was added to each well. Cells were incubated
at37 C for 3-4 h and then 50 pL of DMSO was added to the purple
formazan crystals. Readings were taken at 570/630 nm using
the plate reader (Bio-Rad, USA).

2.10.A0/PI staining

The cytotoxicity of the cpp-tagged nanoparticles (Cp-PNP) was
determined through acridine orange (AO) and propidium iodide
(PI) staining. Cells were seeded at a density of 2 x 10*cells/well
and once the cells reached confluence, NPs (PNP and Cp-PNP)
were added at different concentrations. After 24 h of treatment,
cells were washed and stained with AO (2 pg/mL) for 10 min at
37 C. PI was then added at a final concentration of 4 ug/mL
(1 mg/mL stock) and incubated for 5 min. Cells were then washed
and visualized under Leica microscope (Leica microsysytem,
Germany).

2.11. Hemolysis assay

The effect of the nanoparticles on blood compatibility was
determined by the Hemolysis assay as previously described
(Sai et al, 2001). Freshly collected blood was washed thrice
with HEPES buffer and aliquots of 1 mL suspension containing
10°® cells were incubated with 1 mg of the nanoparticle for half
anhourat 37 C. Water served as a positive control (100% lysis)
and the buffer served as a negative control. The suspensions
were then centrifuged and 200 pL supernatant was added to a
plate reader (Bio-Rad, USA). Absorbance was measured at 540
nm and % hemolysis was calculated using the formula:

% Hemolysis =

Absorbance of sample - Absorbance of negative control
Absorbance of positive control - Absorbance of negative control

x100 2
2.12. Cellular uptake of nanoparticles

Uptake of nanoparticles by the cells was carried out using fluo-
rescent microscopy and FACS analysis. Both the conjugated
and unconjugated PLGA nanoparticles were used to determine
cellular uptake efficiency. Neuro2A (N2A) cells were seeded at
a density of 2 x 10* per well in a 24 well plate for the fluores-
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cent analysis. Nanoparticles were added in previously deter-
mined concentration (50 pg/mL) after reaching confluence and
were allowed to grow. After 24 h of incubation, cells were visu-
alized under the Leica fluorescence microscope (Leica microsys-
ytem, Germany).

For FACS analysis, cells were seeded in a 6 well plate at a
density of 5 x 10° per well and incubated at 37 ‘C and 5% CO,.
After preincubation with the nanoparticles (50 pg/mL in com-
plete medium) for 24 h, cells were washed with ice cold PBS
and collected after trypsinization (BD FACS Verse, USA).

2.13. Uptake inhibition experiment

Uptake inhibition assay was determined using different endo-
cytic inhibitors and the percentage of uptake was measured using
microscopy and flow cytometry. Nystatin, Chlorpromazine and
Colchicine were used to inhibit caveolae mediated endocytosis,
clathrin mediated endcocytosis and macropinocytosis respec-
tively. N2A cells were seeded at a density as mentioned above.
After 24 h, cells were preincubated with inhibitors at concen-
trations that were non-toxic to the cells. Caveolae mediated endocy-
tosis was inhibited using nystatin at concentrations 20 pg/mL
and 50 pg/mL. Chlorpromazine was used to inhibit clathrin-
coated endocytosis at concentrations 1 pM and 5 uM. To inhibit
macropinocytosis, colchichine was added at different concen-
trations (4 uM and 10 pM). Following the addition of inhibitors,
FITC tagged TAT conjugated Rh-B-PNPs (RhBCp-PNP) were added
at a concentration of 50 pg/mL. After 3 h incubation, media was
removed, washed with PBS and visualized under the Leica micro-
scope (Leica microsysytem, Germany).

Inhibition of macropinocytosis was further confirmed through
FACS. For the flow cytometry experiment, cells were incubated
with inhibitors for 24 h after reaching confluence. Media was
then removed and fresh media containing blank NPs and NPCp
along with colchichine was added and further incubated for three
hours. Cells were then washed with ice cold PBS, trypsinized
and used for the analysis (BD FACS Verse). NP and NPCp with-
out inhibitor were treated as the internal controls.

2.14. In vivo study

BALB/c mice weighing 25 g were obtained from the institute as
per IAEC (IAEC no. 06/2019 (B)). Mice were divided into three
different groups: Saline control, Rh-B PNP and FITC-Cp Rh-B PNP.
The animals were anesthetized with Isofluorine and the nanoparti-
cles (20 mg/kg) were intravenously injected into the animals.
The animals were imaged using the animal imaging system
(Newton 7.0, Vilber) at different time points to understand the
bioavailability of the nanoparticles. After 4 h, the animals were
sacrificed and organs such as brain, liver and Kidney were sur-
gically removed for further analysis. The tissues were fixed in a
solution of 10% neutral buffered formalin followed by embed-
ding in paraffin according to routine laboratory techniques. Sec-
tions of 5 pm thickness were diced and stained with Hematoxylin-
Eosin (H&E). DAB HRP Brown detection system was used for
immunohistochemical staining of AHNAK.
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2.15. Statistics

All the experiments were repeated thrice and the results were
expressed as mean with standard deviation. Student’s ¢ test
(paired) was used to analyze significance using GraphPad. p
value lesser than p < 0.05 was considered statistically signifi-
cant.

3. Results and discussion
3.1. Optimization of nanoparticle synthesis parameters

Size of the nanoparticles plays a major role in their biodistribu-
tion, bioavailability, degradation, toxicity etc. In addition, size
determines the rate of cellular uptake of the nanoparticles which
is vital for the effective delivery across the blood-brain contin-
uum. Hence, it is essential to synthesize the nanoparticles in an
optimal size for the pre-transcytosis circulation of the nanopar-
ticles.” PLGA Nanoparticles were synthesized using two meth-
ods: solvent emulsion and nano-precipitation method. Since
nano-precipitation yielded nanoparticles of good size and sta-
bility, it was further standardized and used (Figure 1). Size of
the PLGA NPs is influenced by polymer concentration, co-poly-
mer ratio, solvent nature and surfactant. Previous results show
that the co-polymeric ratio did not have huge impact on the
size of the nanoparticles but increasing the polymeric concen-
tration from 0.1%-10% yielded particles with increasing mean
size.*** Concomitantly, we have observed that decreasing the
polymeric concentration from 2.5% to 0.25% yielded nanopar-
ticles of good size and stability (data not shown). Besides, the
solvent combination played a significant role in determining the
size of the nanoparticles. Acetone alone yielded nanoparticles
of larger size. Many reports suggest combinatorial solvent with
acetone as a major component for synthesizing PLGA nanopar-
ticles.”” We have observed that DCM:Acetone:Methanol mix yielded
good quality nanoparticles without much loss during nanopre-
cipitation and lyophilization. Moreover, increasing the acetone
concentration in this solvent combination reduced the nanoparti-
cle size by about two folds (Table No 1). Hence, we have stan-
dardized the solvent combination DCM:Acetone:Methanol at
the ratio of 0.5:20:5 and used for further experiments.

3.2. Characterization of the synthesized nanoparticles

Nanoprecipitation yielded particles of the size 70 + 10 nm with
narrow particle size distribution. For the Rhodamine encapsu-
lated nanoparticles the size was around 150 *+ 10 nm implicating
the increase in size was due to loading of Rhodamine B in the
nanoparticles (Figure 1(b)). It has been reported that nanopar-
ticles within the range of 70-200 nm are optimal for in vivo appli-
cations and the nanoparticles obtained here can be effectively
used as drug carriers.?® Fluorescent microscopy also confirmed
the loading of Rh-B in PLGA NPs (Figure 1(c)). The surface charge
wasaround -21 mV and -13.8 mV for PLGA NP and Rh-B NP respec-
tively, indicating good stability. The negative charge on the surface
is attributed to the presence of carbonyl groups on the surface
of the nanoparticles (Tables 1 and 2). Positive charge causes
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Figure 1. (a) Schematic representation of the synthesis of nanoparticles through nanoprecipitation. PLGA was dissolved in DCM:acetone:metha-
nol (0.5:20:5) mixture and added dropwise into anti-solvent (water) at a solvent: antisolvent ratio of 1:2, (b) size of the nanoparticles as deter-
mined by zetasizer. (i) Size of PNP and (ii) Rh-B PNP. (c) Fluoresecent micrographs of rhodamine loaded PLGA nanoparticles (Rh-B PNP). Scale
bar indicates 50 um. (i) Phase contrast image and (ii) fluorescent image, (d) SEM image of (i) PNPs and (ii) Rh-B PNP. Scale bar indicates 1 pm.
Insert shows the magnified images of the same. Scale bar of insert 500 nm.

Table 1. Optimization of the synthesis parameters of PLGA nanoparticles

Method Solvent composition Particle size (nm) Zeta potential (mV) PDI
Influence of preparation technique:
Emulsion DCM 548.6 + 34 -33.5+12 0.345
Nanoprecipitation Acetone 3453 +8 -10.6 +5.24 0.080
Influence of acetone concentration:
Nanoprecipitation DCM:Acetone:Methanol (0.5:5:5) 219.7+15 -5.19+4.6 0.158
Nanoprecipitation DCM:Acetone:Methanol (0.5:5:10) 227 +10 -13.5+0.5 0.012
Nanoprecipitation DCM:Acetone:Methanol (0.5:15:5) 159.3+2 -32.0+11.6 0.002
Nanoprecipitation DCM:Acetone:Methanol (0.5:20:5) 81.10+6 -33.5+124 0.196

Table 2. Optimizated parameters of PLGA nanoparticles, rhodamine-B loaded PLGA nanoparticles and TAT conjugated Rh-B PLGA nanoparticles

Sample name Particle size (nm) Zeta potential (mV) PDI
PLGA nanoparticles (PNP) 69.19+9 -21.6+9.2 0.091
PLGA nanoparticles with rhodamine-B (Rh-B PNP) 169 +9 -13.5+5.8 0.095
TAT conjugated rhodamine-B loaded PLGA nanoparticles (Rh-B CpPNP) 174 +8 -245+11.7 0.814
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immediate toxicity to the BBB and hence the presence of negative
charge in the synthesized PLGA nanoparticle promotes enhanced
passage of NPs across the BBB.*® Further, the yield of the
nanoparticle was found to be around 60%. Scanning electron
microscopy also confirmed the size of the nanoparticles and the
surface morphology was observed to be spherical (Figure

1(d)).

3.3. Conjugation of cell penetrating peptides to the nanopar-
ticles and characterization

To increase the uptake of nanoparticles across the blood-brain
barrier, cell penetrating peptides are being conjugated to the
nanoparticles.””?® Cell penetrating peptides (Cpp) are cationic
peptides that can be conjugated for the targeted delivery of car-
gos. Various cell penetrating peptides have been linked to the
nanoparticles after the discovery of the TAT peptide from the HIV
virus. However, TAT peptide sequence from 46-57 has been
used extensively for delivering drugs to the blood-brain barrier.
This region of TAT peptide is rich in arginine and lysine render-
ing it positively charged and hence assist in effective uptake by
the cells.”**" TAT-peptide conjugated delivery of anti-HIV drugs
demonstrated that even larger molecules can be transported
across the BBB."* Hence, TAT peptide was used for efficient delivery
of the nanoparticles across the BBB.

Peptide conjugation was confirmed through XPS analysis.
The binding energy peaks at 279-298 eV, 392-410 eV, and
525-538 eV in XPS were ascribed to the elements Cls, N1s,
and O1s, respectively. The binding energies of the respected
elements are given in Table 3. It is evident from Figure 2(a)-(ii),
that the N1 peak was not observed in the control nanoparti-
cles. Thus the peak that corresponds to the N1 in Figure 2(a)-(iii),
clearly represents the conjugation of peptide to the nanoparti-
cle. To further understand the conjugation, TAT peptide with
FITC labeling was conjugated to the PLGA NPs as described in
the previous section. Fluorescent micrographs show that TAT
peptide is being effectively conjugated to the nanoparticles
(data not shown). Dynamic light scattering data revealed that
the conjugation of TAT peptide increased the hydrodynamic
size of the nanoparticle (Rh-B Cp PNP). Moreover, peptide con-
jugation increased the stability of the nanoparticles as evident by
the increase in zeta potential (Table 2). SEM results indicate
that TAT peptide conjugation did not alter the morphology of
the synthesized PNPs and Rh-B PNPs (Figure 2(b)-(i)-(ii)).

FTIR analysis revealed the groups present in the nanoparti-
cles. The broad peak around 3430 cm™ confirms the presence
of -OH group in PLGA (Figure 2(c)).3* The sharp peak around
1745 cm™ indicated the fingerprint stretching of the C=0 ester

carbonyl group in the PLGA copolymer and is a characteristic
peak for PLGA polymer.*>** The peaks 2995 and 2945 cm™ indi-
cate symmetric and asymmetric stretching of C-H bond respec-
tively. RhB spectrum showed weak peaks around 2990-2850
cm indicates stretching vibrations of aromatic C-H** Bands around
1687 cm™ and 1636 cm™ indicate C=0 and C=C stretching respec-
tively. Further, from Figure 2(c), we could observe benzene ring
vibrational peaks around 1587-1463 cm™.3>3¢ Rh-B PNP showed
characteristic peaks for both PLGA (1745 cm™) and triple peaks
of Rh-B (2990-2850 cm™) that indicates the loading of the dye
in the nanoparticle. TAT conjugated Rh-B PNP also showed the
triple peak indicating Rh-B incorporation (Figure 2(c)). Conju-
gation of TAT peptide to the nanoparticle was evident from the
shift in the C=0 peak (1752 cm™). Hence, FTIR data revealed
the characteristic peaks for Rh-B incorporation and TAT pep-
tide conjugation to the PLGA nanoparticle.

Quantitative assessment of the peptide conjugation with
the nanoparticle is an important aspect to determine the bio-
availabilty of nanoparticles across the BBB. Hence, TNBS
(2,4,6-trinitrobenzene sulfonic acid) assay was used to under-
stand the degree of peptide functionalization to the nanopar-
ticles. TNBS reacts to the free amino groups generating a
chromogenic product that can be measured at 335 nm.*” Pep-
tide tagged nanoparticle showed 25% percentage decrease in
the free amine groups compared to the control (data not
shown). Thus TNBS assay assorted the conjugated nanoparti-
cles from the unconjugated peptides thereby presenting a
quantitative data about the percentage of peptide conjuga-
tion to the nanoparticle.

3.4. Release behavior and biostability of rhodamine B
loaded PLGA nanoparticle

The loading efficiency of Rh-B into the nanoparticle was deter-
mined using fluorescent spectroscopy. The loading of the
Rhodamine-B in PLGA NPs was observed to be around 40%.
The release kinetics was measured for a period of 24 h and
from Figure 3(a), it is clear that merely 30% of the rhodamine
has been released after 4 h and hence this dye can be used as a
marKer to track the bioavailability of nanoparticles inside the
cell. This is in accordance with previous studies wherein slow
release of dyes from the PLGA nanoparticles were reported.*®
However, after the10™ hour, there is a gradual increase in the
release pattern suggesting the ability of the nanoparticle to release
the drug in a time controlled manner. It should also be noted
that almost 70% of the dye has been released from the nanoparti-
cle by 24™ hour ensuring the efficacy of this nanoparticle for
short term delivery of drugs for neurodegenerative disorders.

Table 3. Binding energy peak values of oxygen (01s), carbon (C1s), and nitrogen (N1s) in PNP and Cp PNP nanoparticles

PNP Cp PNP
S. No Binding Energy (BE) O1ls Cls N1s O1ls Cls N1s
1. Start (eV) 537.86 298 0 538.84 298 410
2. Peak (eV) 532.04 284.88 0 532.25 285.55 398.82
3. End (eV) 526.26 279 0 525.84 279 392
4. Height of peak 482133.67 279736.01 0 739772.84 318886.04 3759.33
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Figure 2. (a) XPS analysis of the synthesized nanoparticles: (a-i) Total XPS spectrum of the nanoparticles. Black represents PLGA NPs and red line
represents TAT conjugated PLGA NPs (Cp PNP), (a-ii) nitrogen spectrum of PLGA NP, (a-iii) nitrogen spectrum of Cp-PNP, (b) SEM images of TAT
peptide conjugated nanoparticles. (i) Rh-B PNPs, (ii) Rh-BCp PNP. Scale bar indicates 1 um. Insert shows the magnified images of the same. Insert
scale bar 500 nm, (c) FT-IR spectra of PNP, Rh-B PNP, and Cp-PNP.

Macromol. Res., 30(8), 557-570 (2022)

563 © The Polymer Society of Korea and Springer 2022, corrected publication 2022



Macromolecular Research

a) 80 Release of Rh-B from the nanoparticle
© 70
2 60
]
=
]
I~ 50
4
2 40
k=
= 30
g
O 20
10
0
0 5 10 15 20 25
Time (hr)
b) 7000 PBS
A —e— DMEM + FBS
8000 —a— DMEM
~ 5000
£
g |
T 4000
@ 4
S
% 3000 -
@
o ]
<
T
S 2000
< ]
1000 — N
T T T T T T T T T T T T T 1
0 50 100 150 200 250 300 350
Time (hr)

Figure 3. (a) Release profile of Rh-B from PLGA nanoparticles at dif-
ferent time intervals. (b) Biostability of the synthesized PLGA NPs
(CpRh-B PNP) in PBS, DMEM and DMEM with FBS. Black line represents
stability in PBS, blue line represents stability in DMEM and red line
indicates nanoparticle stability in DMEM with FBS.

Nanoparticles tend to aggregate in biological systems and
aggregated particles can block the blood vessels.*® Hence, the
size distribution of the TAT conjugated nanoparticles (RhBCp-
PNP) were checked to understand the stability of nanoparticles
in PBS (pH 7.4), DMEM and DMEM with 10% FBS. The nanoparti-
cles aggregated within 24 h in PBS. Moreover, nanoparticles
start to disintegrate within a week in PBS buffer (Figure 3(b)).
Serum free media (DMEM) and DMEM supplemented with serum
showed uniform stability for the period investigated (2 weeks).
Besides, it is evident from figure 3b, that DMEM supplemented
with serum (DMEM with FBS) showed lesser scattering indi-
cating better stability than the DMEM and PBS.**** Thus this
result proves that the nanoparticles are stable in DMEM with
FBS and hence can be used for biological evaluation.

3.5. Biocompatibility of the nanoparticles

The synthesized nanoparticles were checked for biocompati-
bility using the MTT assay. Neural precursor cells (N2A) were
used to understand the effect of nanoparticles on neural cell
toxicity. At 10 pg/mL and 50 pg/mL concentrations, nanoparti-
cles seemed to promote proliferation of the cells and at 100 ug/mL
there was around 80% viability. As evident from Figure 4(a),
the Rh-B loaded nanoparticles and the peptide conjugation did
not exert any toxic activity till 100 ug/mL concentration. Sys-
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temic delivery of the drugs or nanocarriers require blood com-
patibility. Hence, the bio-compatibility of the nanoparticles with
the red blood cells through hemolysis assay was assessed. It is
evident from the Figure 4(b), that the nanoparticles did not lyse
the red blood cells and the percentage of hemolysis was within
the permissible limit (5%) proving that this nanoparticle based
drug carrier can be used in an in vivo system.*” These results
make PLGA NPs an excellent candidate for drug delivery.

Acridine orange can penetrate metabolically active cells, thereby
staining the nucleic acid green while Propidium lodide (PI) stains
the non-viable cells red since PI cannot penetrate metabolically
active cell. Therefore to understand whether the peptide conju-
gated nanoparticles had any effect on the membrane integrity,
Acridine orange and Propidium lodide staining were used. From
Figure 4(c), itis clear that the permeability of PI was restricted
in metabolically active cells treated with TAT-conjugated NPs.
Moreover, the effect of concentration of the TAT-conjugated
nanoparticles (Cp-PNP) on cell compatibility was checked with
increasing the concentration of the peptide tagged nanoparti-
cle. It has been evident from Figure 4(d), that increasing the
nanoparticle concentration did not exert any toxicity. The dose
dependent study of the nanoparticle compatibility is crucial for
designing an effective drug delivery carrier. Thus this confirms
that the peptide decorated nanoparticles are suitable delivery
carriers to the brain.

3.6. In vitro uptake of nanoparticles

Size, composition, surface charge etc. of the nanoparticles play
a crucial role in the cellular uptake.**® Behzadi et al. show that
the nanoclusters have more potential to be engulfed inside the
cell rather than single nanoparticles. Besides, effect of surface
modifications also play a crucial role in the internalization of
the nanoparticles. Hence, the cellular uptake of the nanoparti-
cles were determined through Flow cytometry analysis and
Fluorescent imaging.

The flow cytometry data revealed that there was more than
30% increase in the uptake of TAT conjugated nanoparticles by
the cells compared to the control nanoparticles (Figure 5(a),(b)).
This indicates that the surface modifications enabled better
uptake of nanoparticles by the cells. It is also clear from the flow
cytometry data that the increased size of nanoparticles because
of the loading of Rhodamine had no significant effect on the
nanoparticle uptake after the peptide conjugation (Figure 5).
Further to understand the uptake of the TAT conjugated nanopar-
ticles, neuroblastoma cells were incubated with FITC-Cp Con-
jugated Rh-B PLGA (FITC-Cp Rh-B PNP) nanoparticles. From
the fluorescent micrographs, it is clear that the TAT conjugated
rhodamine loaded nanoparticles were promptly taken up by the
cells (Figure 6(a)). These data prove that TAT peptide enhances
the cellular level uptake of nanoparticles with the dye.

TAT particularly localizes proteins to the nuclei by acting as
nuclear localization signals (NLS) and reports suggest that NPs
tagged with TAT are localized to the nuclei.’® However, in our
experiment we could not observe nuclear localization of either
the TAT-FITC peptide (Figure 6(b), (i-iii)) or the TAT-FITC con-
jugated Rhodamine loaded PNP (Figure 6(b), (iv-vi)). The fluo-
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Figure 4. Biocompatibility of PLGA nanoparticles. (a) MTT assay, (b) hemocompatibility assay, (c) AO/PI analysis of TAT peptide (ii,vi), PNPs (iii,
vii), PNPs conjugated with TAT peptide (iv,viii), (d) AO/PI assay with increasing concentration of PNPs. i-iv represents PLGA NP at varying con-
centration, v-viii represents PLGA NPs conjugated with TAT peptide at varying concentrations. Scale bar represents 50 pm.

rescent micrographs indicate that the nanoparticles were clearly
localized in the cytoplasm (white arrows). This result is partic-
ularly important owing to the fact that nuclear localization might
affect the differential gene expression. However, for the treatment
of diseases that require modulation of the gene expression using
drugs, further experiments should be conducted. Moreover, the
relative intensity of the FITC-TAT conjugated to the nanoparti-
cle (FITC-CpRhB PNP) was around 10% higher compared to the
FITC-TAT (FITC-Cp) peptide itself indicating that the nanopar-
ticles tagged to the peptide are readily taken up by the cells,
corroborating the results by Behzadi et al. (Figure 6(c)). Thus

Macromol. Res., 30(8), 557-570 (2022)

this data reveals the significance of using TAT peptide conjugated
PLGA nanoparticle for the delivery of therapeutic moieties.

3.7. Inhibition of uptake of nanoparticles by the cells

Cpp conjugated nanoparticle uptake by the cells have been ini-
tially considered to be a passive direct penetration. However,
after 2003 many groups proposed endocytic internalization of
cpp conjugated NPs.?® Cellular uptake is primarily driven by
endocytosis which further can be grouped into two distinct
mechanisms: pinocytosis and phagocytosis. Phagocytosis is the
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PNP (iv). (b) Percentage of cells that has taken up the nanoparticles. p <.0.05 is denoted by * and p < 0.01 denoted by # when compared with con-

trol.

principal route of uptake by immune cells like macrophages,
neutrophils and monocytes. Pinocytosis include different path-
ways like clathrin coated endocytosis, caveolae mediated endocy-
tosis, macropinocytosis and clathrin/caveolae independent
endocytosis. TAT uptake by the cell is proposed to be of micro-
pinocytosis.*****#*7 Hence, to understand the uptake route inside
the cell, inhibitors for each of the pinocytosis pathways were
used. Caveolae mediated endocytosis is inhibited by the drug
nystatin (NY) which disrupts the lipid rafts.***° Chlorpromazine
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(CPZ) is a cationic drug and has been widely used to inhibit clathrin
coated endocytosis because of its ability to relocate clathri-
nand adaptor protein 2 (AP2) from plasma membrane to endo-
somes.******%0 Colchichine (Col) is a macropinocyte inhibitor by
exerting its effect on the microtubule polymerization thereby
affecting the endocytosis.!**"2 Inhibitors for each of the path-
way was used in different concentrations and the cellular inter-
nalization was understood through fluorescent microscopy.
Fluorescent micrographs reveal that the uptake of nanoparticles
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was not affected when the cells were treated with NY or CPZ
(Figure 7(a)). Besides, it was also observed that further increas-
ing the concentration of the inhibitors had an effect on the via-
bility of the cells. However, from Figure 7(a), it is clear that Col
treatment inhibited the internalization of nanoparticles inside
the cell in a concentration dependent manner. Thus this data
proves that TAT-conjugated NPs (Rh-B Cp PNP) are internal-
ized through macropinocytosis.

To further confirm the mechanism of uptake of NPs, inhibi-
tion of macropinocytosis pathway by specific inhibitor was per-
formed. Since TAT mediated endocytosis is primarily through
macropinocytosis, the percentage of inhibition of micropinocy-
tosis by colchicine on nanoparticle uptake was studied through
flow cytometry. Figure 7(b) reveals that colchicine treatment
reduced the uptake of nanoparticles proving that indeed TAT
peptide mediated uptake happens through macropinocytosis.

Macromol. Res., 30(8), 557-570 (2022)

Furthermore, increasing the concentration of colchichine (10 pM)
had a negative influence on the viability and the uptake of the
nanoparticles (Figure 7(b)).

3.8. In vivo analysis of the synthesized nanoparticles

Polymers or nanoparticles crossing the BBB were mostly under-
stood through the residual drugs that are present in the ex-vivo
brain section of animals.**'%**® In vivo fluorescent imaging of
brain is challenging because of the difficulty of the imaging sys-
tems in penetrating the skull region and the relatively lesser
fluorescence that emanates from the fluorescent moieties. More-
over, imaging requires the animals in a fixed live condition to
understand the kinetics. Hence we have standardized the fluo-
rophore, the efficient concentration for effective imaging and
the time point where optimal fluorescence was obtained.
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Figure 7. Uptake inhibition of the peptide tagged nanoparticles. (a)
Fluorescent micrographs of uptake inhibition with increasing concen-
tration of inhibitors for caveolae mediated uptake (nystatin-20 pg/mL
(4-6) and 50 pg/mL (6-8)), clathrin mediated endocytosis (chlorproma-
zine-1 pM (9-11) and 5 uM (12-14)) and macropinocytosis uptake
(colchicine-4 pM (15-17) and 10 uM (18-20)). Red channel represents
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TAT in the RhBCp PNPs. Scale bar represents 100 pm, (b) Flow cytom-
etry data for macropinocytosis inhibition by colchicineat increasing
concentration (4 pM and 10 pM).
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Figure 8. In vivo analysis of the peptide-tagged nanoparticles. (a) In
vivo imaging of the PLGA NPs (i-iii), TAT conjugated PLGA NPs (iv-vi).
(i) & (iv) represents the images taken at 0 hour, (ii) & (v) represents
the images taken after 2 hours and (iii) & (vi) represents the images
taken after 4 hours of injection. (b) Immunostaining of the ex-vivo
brain section with AHNAK antibody. (i) Saline control (ii) TAT-conju-
gated PNPs. Scale bar represents 50 pum, (c) H & E staining of various
organs like Brain (iii), Kidney (iiiiv) and Liver (v,vi) isolated from
Saline control mice (i,iii,v), TAT-conjugated PNPs (ii,iv,vi). Scale bar
represents 250 um.

Animals were divided into three groups: saline control, rhodamine
loaded nanoparticles, FITC-Cp conjugated nanoparticles. The
control animals only received saline and was used as a control
to reduce background fluorescence. The rhodamine loaded
nanoparticles could not be visualized using the animal imaging
system and hence we have used FITC along with rhodamine in
the nanoparticle for the imaging. It is clear from the in vivo imag-
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ing that the peptide conjugated nanoparticles have reached the
brain by two hours (Figure 8(a), (v) indicated by arrows). Besides,
it is clear from the figure that by 4 h, renal clearance of the
nanoparticles were observed (Figure 8(iii), (vi)). Hence, this study
advocates faster delivery of the drugs to the BBB and quicker
clearance thus proving to be a prudent carrier for the treat-
ment of neurodegenerative disorders.

To further understand the integrity of the blood-brain bar-
rier after the nanoparticle entry, we have stained the brain sec-
tions with the BBB marker AHNAK. AHNAK is co-localized with
the Zona-occludens (Z0-1) in the capillary of brain cells com-
pared to the endothelium of capillaries where there is active
exchange between the blood and cells. This exemplifies AHNAK
as a marker for endothelium with barrier properties.”* The
immunohistochemical data staining with AHNAK revealed that
the nanoparticle entry did not affect the barrier properties (Fig-
ure 8(b)).

Several reports show that the cell penetrating peptide mod-
ulates the inflammatory pathway thereby leading to apopto-
sis.*” Therefore we have isolated the organs, specifically brain,
liver and the kidney to understand the inflammatory responses.
Histo-chemical analysis showed that the nanoparticles did not
exert any toxicity to the brain (Figure 8(c)). There was no necrosis
or inflammtion in the liver and kidney, suggesting that the syn-
thesized nanoparticle is biocompatible in an in vivo model and
can be further used as a drug delivery carrier for transporting
drugs across the blood-brain barrier.

The in vitro cell uptake studies and the NP bioavailabilty in
the mice model corroborate the potential of the synthesized
nanoparticle to be used as an effective drug delivery vehicle for
efficient traversing of the BBB. However, future experiments
will determine the efficacy and the in vivo bioavailability of the
drugs to be administered for various disorders.

4. Conclusions

Development of new approach for treating neuro-degenera-
tive disorders is an intricate, expensive and challenging niche.
However, very few therapeutics for brain-targeted delivery have
reached clinical trials. In this report, we have synthesized rhodamine
loaded PLGA nanoparticles through solvent displacement method
and these nanocarriers were of smaller in size, biocompatible
and offers sustained drug release. Cell penetrating peptide TAT
was used to enhance the delivery to the BBB and our in vitro data
supports the enhanced uptake of peptide conjugated nanopar-
ticles. In recent years, numerous in vitro model for the BBB have
been developed to replicate the barrier. However, in vivo mod-
els are required to provide insights into the complexity of the
BBB and clinical relevance. Further, only metallic nanoparticles
have been used to track nanoparticle bioavailabilty in in vivo
systems through imaging. Nevertheless, inorganic NPs have some
disadvantages such as NP accumulation, degradation and unde-
sired toxicity at higher concentrations. Albeit tracking polymeric
nanoparticle uptake in an in vivo model has numerous chal-
lenges, we have successfully synthesized a nanocarrier system
for imaging NP bioavailabilty in a mice model. Moreover, the
nanoparticles were administered to the brain without any accu-
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mulation or disruption of the blood-brain barrier. In conclu-
sion, we have demonstrated the size and conjugation of peptides
have remarkable impact on the cellular uptake and specific dis-
tribution compared to the unconjugated nanoparticles in an
in vivo system through fluorescent live animal imaging.

Conflict of interest: The authors declare no conflict of interest.
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