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Abstract Progress in AIDS treatment shifted emphasis to-
wards limiting adverse effects of antiviral drugs while improv-
ing the treatment of hard-to-reach viral reservoirs. Many ther-
apeutic nucleoside reverse transcriptase inhibitors (NRTI)
have a limited access to the central nervous system (CNS).
Increased NRTI levels induced various complications during
the therapy, including neurotoxicity, due to the NRTI toxicity
to mitochondria. Here, we describe an innovative design of
biodegradable cationic cholesterol-ε-polylysine nanogel car-
riers for delivery of triphosphorylated NRTIs that demonstrat-
ed high anti-HIV activity along with low neurotoxicity,
warranting minimal side effects following systemic adminis-
tration. Efficient CNS targeting was achieved by nanogel
modification with brain-specific peptide vectors. Novel dual
and triple-drug nanoformulations, analogous to therapeutic
NRTI cocktails, displayed equal or higher antiviral activity
in HIV-infected macrophages compared to free drugs. Our
results suggest potential alternative approach to HIV-1 treat-
ment focused on the effective nanodrug delivery to viral res-
ervoirs in the CNS and reduced neurotoxicity.
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Abbreviations
ApoE Apolipoprotein E
B Abacavir
BP Brain-specific peptide
BBB Blood–brain barrier
CEPL Cholesteryl-EPL
CNS Central nervous system
EPL Epsilon-polylysine
GLN Glutathione
HIV Human immunodeficiency virus
L Lamivudine
MDM Monocyte-derived macrophages
NRTI Nucleoside reverse transcriptase inhibitors
NG Nanogel (PEG-CEPL)
PEG Poly(ethylene glycol)
RT Reverse transcriptase
Z Zidovudine (AZT)

Introduction

Modern antiretroviral therapy includes multi-drug treatment
with NRTIs as an integral part of many antiviral cocktails.
Despite the reduction of viral load and improvement of HIV
infected patients’ quality of live, chronic antiviral treatment
was often associated with adverse effects, including neurotox-
icity. Significant limitation of many antiviral drugs is their
inefficient CNS accumulation due to the poor blood–brain
barrier (BBB) permeability (Pialoux et al. 1997). Develop-
ment of HIV-associated encephalitis and neurodegeneration
in the CNS accelerates neuronal death and degradation of
cognitive skills (Lindl et al. 2010). The principal cause of
neurotoxicity is NRTI-related mitochondrial toxicity (Lewis
et al. 2003). Once in the CNS, NRTI drugs penetrate neurons
and inhibit replication of mitochondrial DNA (mtDNA). This
deficit affects ATP production and results in insufficient
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energy to maintain cellular homeostasis, which leads to neu-
ronal death. Limiting the NRTI access to mitochondria can
potentially reduce these side effects. Permeability of mito-
chondrial membrane depends on the charge and hydrophobic-
ity of drugs, therefore, hydrophilic and negatively charged
compounds have low permeability.

NRTI are inactive prodrugs that have to be converted into
active 5′-triphosphates (NTP) by cellular kinases. Activated
drugs can inhibit HIV-1 reverse transcriptase (RT) activity
by incorporating into viral genome. Accumulation of NRTI
inside the infected cells also inhibits DNA polymerase γ in-
volved in the synthesis of mtDNA (Lewis et al. 2003). Cellu-
lar delivery of NTP would increase the efficiency of anti-viral
drugs by skipping the phosphorylation of its prodrugs. Unfor-
tunately, 5′-triphosphates are unstable in serum and require
nanoencapsulation for successful in vivo delivery. Cationic
nanogels were found to be an effective drug delivery system
for nucleoside 5′-triphosphates (Vinogradov et al. 2005a).
Cationic nanogels neutralize negative charge of NTP and en-
hance cellular penetration via adsorptive endocytosis. After
the fusion of loaded nanogel (NG/NTP) with cellular mem-
brane, 5′-triphosphorylated drug are readily released into
the cytosol (Vinogradov et al. 2005b). Once inside the cells,
penetration of NTP molecules into mitochondria was limited
due to negative charge of these drugs, thus preserving mito-
chondrial function. In addition, loaded nanogels had lesser
effect on the polarization of mitochondrial membrane com-
pared to free NRTI (Kohli et al. 2007). Thus, NG/NTP
nanodrugs can provide additional benefits in reducing mito-
chondrial toxicity of NRTI drugs.

In order to ensure sufficient brain accumulation of ther-
apeutic NRTIs, administration of elevated drug doses was
required resulting in unsolved toxicity concerns. In recent
years, various approaches to deliver drugs into the CNS
using different receptors on the BBB endothelium demon-
strated their practical potential (Tiwari and Amiji 2006;
Zensi et al. 2009). Peptide molecules showed a special
promise for targeted brain delivery via systemic drug ad-
ministration (Delehanty et al. 2010; Li et al. 2011; Gerson
et al. 2014). In the CNS, HIV-1 resides mostly in microglia
or macrophages, however, other brain-associated cells may
become infected with HIV-1 in vivo with variable levels of
HIV-1 mRNA expression. The diverse cellular reservoirs
for HIV-1 in the CNS may be critically linked to the mo-
lecular mechanisms involved in HIV-1 neuropathogenesis,
for example, in vivo infection of the BBB endothelial cells,
and possibly cells in the choroid plexus, may directly con-
tribute to penetration of the BBB by HIV-1 (Bagasra et al.
1996). Recently, we demonstrated the strong potential of
LDL receptor-specific ApoE peptide-modified NG/NTP
for the treatment of HIV-1 infection in the CNS using a
humanized HIV mouse model (Gerson et al. 2014). In this
approach, 10-fold reduction in RT activity in the brain was

achieved by accumulation of therapeutic levels of nanogel-
formulated Zidovudine 5′-triphosphate (ZTP) after system-
ic administration.

In the current study, we designed and evaluated novel
type of nanocarriers based on the biodegradable epsilon-
polylysine (EPL), an FDA approved natural food preserva-
tive that belongs to the group of cationic biopolymers. We
prepared and investigated antiviral efficacy of BBB-
targeted peptide-NG/NTP formulations of Zidovudine (Z),
Lamivudine (L) and Abacavir (B), as well as dual (Z+L)
and triple (Z+L+B) nanodrug cocktails in HIV-1 infected
macrophages. After comparison with corresponding NRTI
and NRTI cocktails, NG/NTP demonstrated lower neuro-
toxicity and mitochondrial toxicity than free drugs and ef-
ficiently accumulated in monocyte-derived macrophages
(MDM), suppressing HIV-1 RT activity in these cells. At-
tachment of brain-targeting peptides allowed us to substan-
tially increase the CNS accumulation of NG/NTP formula-
tions without compromising their antiviral activity. The
outline of nano-NRTI approach to eradication of HIV infec-
tion in the CNS is shown in Fig. 1. Briefly, nanodrugs in-
fused in blood circulation selectively bind to the brain vas-
cular endothelium and efficiently penetrate the BBB via
transcytosis due to their very small size. On basolateral
side, brain phagocytes (macrophages, astrocytes and mi-
croglia) are able to collect nanodrug particles, which suc-
cessfully release the activated NRTI molecules inside the
cells. The intracellular therapeutic level of NRTI drugs is
maintained for several days and results in the active in-
hibition of HIV-1 proliferation in the infected immune
cells.

Fig. 1 Outline of the nano-NRTI strategy against HIV infection in the
CNS. a Targeted delivery of nanodrugs (NG/NTP) from the blood to the
brain endothelium, b penetration through the BBB by transcytosis, c
phagocytic capture of nanodrugs and release of active NRTI drugs for
suppression of HIV-1 infection
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Materials and Methods

Chemicals

All reagents, if not mentioned separately, were purchased
from Sigma-Aldrich (St Louis, MO) and used without addi-
tional purification. Maleimide-PEG3500-NHS and mPEG3500-
NHS esters were obtained from GenKem Technology USA
(Allen, TX). Abacavir, Lamivudine, and 3′-azido-3′-
deoxythymidine (Zidovudine) have been purchased from
Carbosynth Inc (Compton, Berkshire, UK). N-Succinimidyl
[2,3-3H] propionate was obtained from Moravek Radiochem-
icals (Brea, CA). NAP columns for gel filtration were pur-
chased from GE Healthcare Biosciences (Piscataway, NJ).
Dialysis tubes were obtained from Thermo Fisher Scientific
(Waltham, MA). Peptides having a N-cysteine residue and
protected C-amino acid amide have been custom synthesized
by Biomer Technology (Pleasanton, CA) and used directly
after short dialysis (MWCO 500) against degassed water, or
after purification by reverse-phase HPLC depending on syn-
thetic purity. The sequences of synthetic peptides are as fol-
lows: CGLRKMRKRLMR (ApoE) (Sauer et al. 2005);
CGNAFTPDY (BP1) and CGKAAQVYG (BP2)
(Sadanandam et al. 2007); and CGTGNYKALHPHNG
(TGN) (Li et al. 2011).

Cell Lines

Human HepG2 hepatocellular carcinoma cells were pur-
chased from American Type Culture Collection (Manassas,
VA) and cultivated in Eagle’s Minimal Essential Medium
(MEM, Corning Cellgro) containing 10 % heat-inactivated
fetal bovine serum (FBS) supplemented with streptomycin
(5 μg/ml). Human A172 astroglial cells (ATCC) have been
utilized in various pharmacology- and neurochemistry-based
studies as a common model of astrocytes. A172 cells were
cultivated in Dulbecco Modified Eagle Medium (DMEM,
Life Technologies) with high glucose, supplemented with glu-
tamine (4 mM) and 1 % penicillin-streptomycin, and contain-
ing 10 % FBS. Human SH-SY5Y neuroblastoma cells
(ATCC) are widely used as a neuronal model and possess
many biochemical and functional properties of neurons. SH-
SY5Y cells were cultured in a 1:1 mixture of MEM and F12
medium containing nonessential amino acids (Gibco), 1 %
penicillin-streptomycin, and supplemented with 10 % FBS.
Murine brain capillary endothelial cell line bEnd.3 (ATCC)
was cultivated in DMEM supplemented with 2 % penicillin-
streptomycin and 10% FBS. Cell passages from 32 to 35were
used for transport experiments. Murine BV-2 microglial cells
(Common Access to Biological Resources and Information,
cabri.org) retain the phenotypic and functional characteristics
of primary microglial cells (Henn et al. 2009). BV-2 cells were
cultivated in DMEMwith high glucose, containing 10 % FBS

and supplemented with glutamine (4 mM) and 1 % penicillin-
streptomycin. All cells were cultured in water-saturated 5 %
CO2 atmosphere at 37 °C. Cells from primary rat neuron kit
(Brain Bits, Springfield, IL) were seeded in poly-D-lysine
covered plates and cultured for 3 days in the company-
supplemented NbActiv1 growth medium before treatment.

Primary human monocytes were obtained from
leukopheresis of HIV-seronegative donors and differentiated
into MDM as previously described (Vinogradov et al. 2010).
Cells were cultured in DMEM supplemented with 10 % heat-
inactivated pooled human serum and 1 % glutamine, 10 mg/
mL ciprofloxacin and 1000 U/mL of purified recombinant
humanmacrophage colony-stimulating factor (R&D Systems,
Minneapolis, MN). A macrophage-tropic viral strain HIV-
1ADA at a multiplicity of infection (MOI) of 0.01 was ampli-
fied and used as previously described (Nukuna et al. 2004).

Synthesis of Nanogels

Epsilon-polylysine (EPL, M.w. 4600) was dissolved in anhy-
drous DMF and treated dropwise with an equal volume of
cholesteryl chloroformate solution in anhydrous dichloro-
methane (reagent/EPL molar ratio 3). After overnight stirring
at 25 °C, the mixture was concentrated in vacuo, and a slightly
yellow viscous product was dissolved in water and titrated
with 1 M hydrochloric acid to pH 7. The aqueous solution
was centrifuged to remove any unbound cholesterol, dialyzed
against water (2×3 h), and then sonicated for 1 h in ice bath to
obtain compact nanogel particles before the next step of mod-
ification. The CEPL nanogels were treated with a 2-fold
weight excess of mPEG3500-NHS or MAL-PEG3500-NHS
added as an aqueous solution dropwise, and the modification
was continued under argon for 1 h at 25 °C. Peptides dissolved
in 50 % DMF under argon were added dropwise to the MAL-
PEG3500-CEPL nanogel solution adjusted to pH 6. Usually, a
two-fold molar excess of the peptide (over MAL moieties)
was used in the overnight reaction at 4 °C, and then any
unreacted MAL moieties were capped with 10 mM cysteine
solution for 1 h. Final products have been dialyzed twice for
24 h against water at 4 °C using membranes with MWCO
4000–8000 Da. Peptide content in nanogels was determined
using amino acid analysis after acidic degradation (UNMC
Protein Analysis Core). The hydrodynamic diameter (dh) of
nanogels was analyzed in 1 % solutions in PBS by dynamic
light scattering (DLS) using Malvern ZetaSizer Nano-ZS90
(Table 1).

Synthesis of NRTI 5′-triphosphates (NTP)

NRTI have been efficiently converted into 5′-triphosphates
using a ‘one-pot’ synthetic approach reported in details previ-
ously (Vinogradov et al. 2005a). Exocyclic amino group of
Lamivudine was protected by isobutyryl moiety using a
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transient protection by trimethylsilyl moiety (Senanayake
et al. 2013). Each nucleoside analog dissolved in dry
dimethylformamide (DMF) was treated with a 1.5-molar ex-
cess of tris-triazolyl phosphate reagent for 30–60 min at 4 °C,
and then added dropwise to the excess of tr i-n-
butylammonium pyrophosphate in dry DMF. After overnight
reaction at 25 °C, an equal volume of cold 0.2 M
triethylammonium bicarbonate was added. After 30 min, the
mixture was dialyzed (MWCO500) against water overnight at
4 °C. The desalted NTP solution was concentrated in vacuo
and precipitated in 2 % sodium perchlorate in acetone in the
form of sodium salt. Total NTP yields were 65–80 %. The
drug content of purified NTP (ZTP, LTP and BTP) was no
less than 90 % by UVabsorbance at 260 nm (NRTI content),
and 75% on the base of ion-pair HPLC peak corresponding to
5′-triphosphate (NTP content). All products have been ana-
lyzed by UVand 1H-NMR spectra.

Formulation of Nanodrugs (NG/NTP) and In Vitro Drug
Release

To formulate nanodrugs, aqueous solution of cationic
nanogels (NG) and ZTP, LTP or BTP were mixed at
nanogel-to-triphosphate weight ratio 4. After incubation on
ice for 30 min, unbound drug was removed by gel filtration
on NAP-10 column. The NG/NTP products were lyophilized
and stored at 4 °C before applications. Aqueous solutions of
NG/NTP have been analyzed by UVabsorbance to determine
the drug content using the following extinction coefficients:
ε260 9200 (Abacavir), ε260 9480 (Lamivudine), and ε260 11,
250 (Zidovudine). The DLS particle size (dh) and polydisper-
sity index (PDI) of nanodrugs are shown in Table 1. To deter-
mine kinetics of an in vitro drug release, a NG/NTP formula-
tion was incubated in Dia-Lo-tubes (MWCO 2000 Da) placed
in the 1 L-beaker containing PBS with 0.05 % sodium azide at
25 °C (daily change of the medium). Samples taken from the
tubes at different time intervals were analyzed by UV absor-
bance at 260 nm. The curves have been plotted as a percentage
of drug release versus time.

Cytotoxicity

Cytotoxicity of NG/NTP formulations was evaluated using an
MTT assay as previously described (Gerson et al. 2014). Ini-
tially, cells were treated for 4 h at 37 °C to allow the internal-
ization of NG/NTP, then the treatment solution was washed
out, and cells were incubated for additional 20 h at 37 °C. The
MTT assay was also used in the measurements of viral RT
activity in cultured MDM infected with HIV-1 in order to
normalize data by functional levels of live cells.

Cellular Accumulation

Nanogels were tagged with Rhodamine (Rh) isothiocyanate
and purified using a NAP-10 column as previously described
(Gerson et al. 2014). Fluorescent nanogels loaded with NTP
(Rh-NG/NTP) at concentrations of 10 and 50 μg/mL were
used to treat MDM suspension (1×106 cells/mL) in full cel-
lular medium. At appropriate time intervals, the cells were
washed with cold PBS and treated with propidium iodide for
15 min at 4 °C and analyzed by fluorescence-activated cell
sorting (FACS). The percentage of live cells and the mean
fluorescent intensity was measured using FACS Array
Bioanalyzer (BDBioscience, Franklin Lakes, NJ). For cellular
biodistribution studies, Rh-NG was loaded with a fluorescent
triphosphate, ATP BODIPY FL (Molecular Probes,
Invitrogen). MDM were treated separately with 25 μg/mL
Rh-NG and Rh-NG/ATP BODIPY FL formulation in full cel-
lular medium for 1 h at 37 °C, then washed several times with
cold PBS and centrifuged. Confocal microscopy of the cells
fixed with paraformaldehyde was performed in covered cham-
ber slides using a Zeiss 410 Confocal Laser Scanning Micro-
scope equipped with an argon-krypton laser.

Apoptosis in Neural Cells

Annexin VApoptosis assay (Clontech Laboratories) was used
to measure apoptosis in SH-SY5Y neural cells. The cells (2×
105 per well) were pretreated with NG/NTP (200 μg/mL) or
NRTI (20 μg/mL) in duplicates for 4 h at 37 °C. Then, the
treatment solution was removed and a fresh full medium was
added, and cells were incubated for other 24 h. Cells washed
with PBS twice have been treated with trypsin solution to
detach them and pelleted (1100 rpm, 5 min, 4 °C). To cells
resuspended in 250 μL of Binding buffer a 2.5 μL of Annexin
V-FITC was added and tubes were incubated for 10 min at
25 °C. Cells were washed with ice-cold PBS to remove non-
bound Annexin V-FITC and pelleted (1100 rpm, 5 min, 4 °C).
Resuspended in 500 μL ice-cold PBS cells have been ana-
lyzed immediately and the percentage of apoptotic cells was
measured using FACS Array Bioanalyzer.

Table 1 Properties of nanogels and NG/NTP formulations

Nanogel dh, nm
a dh, nm (+ZTP)a PDIa ZTP, μmol/mgb

NG 18±1 12±2 0.30 0.34±0.04

ApoE-NG 35±9 31±2 0.40 0.22±0.01

BP2-NG 32±3 29±3 0.35 0.25±0.02

GLN-NG 29±2 27±1 0.33 0.27±0.01

a Hydrodynamic diameter, dh, and polydispersity index, PDI, measured
by light scattering
b ZTP content (per 1 mg of nanodrug) calculated from UVabsorbance of
NG/ZTP solutions
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Mitochondrial Toxicity

Effect of the extended treatment of hepatic HepG2 cells with
NRTI and NG/NTP on the amount of mtDNAwas measured
as previously described (Vinogradov et al. 2010). Cells were
treated with sterile solutions of AZT and NG/ZTP formula-
tions, 30 and 300 μg/mL, respectively, in full medium for 4 h
at 37 °C on Days 1, 4, 7 and analyzed on Day 10. After
trypsinolysis and treatment with RNase, DNA samples were
isolated as previously described and analyzed by real-time
PCR. Human cytochrome b gene primers (mtDNA): 5′-
CCAACATCTCCGCATGATGAAAC-3′ (direct) and 5′-
GTGGGCGATTGATGAAAAGG-3′ (reverse), and β-actin
gene primers (nuDNA): 5′-AACACCCCAGCCATGTACGT
-3′ (direct) and 5′-TCTCCTTAATGTCACGCACGA-3′
(reverse) were applied to quantify the amount of mtDNA
and nuDNA (Höschele et al. 2008). Mini-iQ Real-Time PCR
detection system (BioRad, Hercules, CA) and Evagreen
Supermix at the conditions recommended by the manufacturer
have been used in the analysis. The results were calculated as
the mtDNA/nuDNA ratio=2−C(t)mt/2−C(t)nu, where C(t)mt and
C(t)nu are the quantification cycles observed for mtDNA and
nuDNA in each sample. The ratio in non-treated cells was
taken for 100 %, and all obtained data were expressed as the
percentage change compared to non-treated cells.

ROS Assay

Production of the reactive oxygen species (ROS) in MDM
was measured using an OxiSelect ROS assay kit (Cell
Biolabs). The cells were treated with NG/ZTP (4 μg/mL) in
growth medium for 24 h. Hydrogen peroxide (H2O2 40 μM)
was applied for 24 h as a positive control. Non-treated cells
served as a negative control. All cells were washed twice with
PBS, and a dichloro-dihydro-fluorescein diacetate dissolved
in growth medium was added and incubated for 1 h at 37 °C.
Washed with PBS cells were treated by adding 100 μL of Cell
Lysis Buffer for 5 min at 20 °C, and the fluorescence was
measured using a FLx-800 plate reader (BioTek USA,
Vinooski, VT) and analyzed by KC Junior software.

Antiviral Activity

Human MDM were cultured for 7 days in 96-well plates,
changing culture medium every other day. NG/NTP and
NRTI were dissolved in sterile deionized water to obtain
20× stock solutions. In sterile 96-well plate, 10 μl of 20×
stock solutions were mixed with 190 μl of complete cul-
ture medium, and serial 1/2 dilutions (100 μl) were pre-
pared. On Day 7, old medium was removed and supple-
mented with the serial dilutions. Plates were incubated for
4 h at 37 °C and 5 % CO2. After incubation, cells were
washed with PBS, and the fresh media containing 0.01

MOI of HIV-1ADA was added for the overnight (16 h)
infection. Infected MDM were washed and supplemented
with a fresh medium. On Day 5 and 7 post-infection,
supernatants were collected for the RT activity assay.
Each plate contained infected but non-treated and unin-
fected cell controls. All nanodrugs and controls were an-
alyzed in 5 parallels.

To measure HIV-1 replication, reverse transcriptase
(RT) activity was determined by incubating 10 μL of in-
fected sample media with a reaction mixture consisting of
0.05 % Nonidet P-40 (Sigma-Aldrich) and [3H]dTTP
(2 Ci/mmol; Moravek, Brea, CA) in Tris–HCl buffer
(pH 7.9) for 24 h at 37 °C on days 5 and 7 post-
infection (Nukuna et al. 2004). Radiolabeled DNA was
precipitated on paper filters in an automatic cell harvester
(Skatron, Sterling, VA) and incorporated activity was
measured by liquid scintillation spectroscopy. The cyto-
toxicity of NG/NTP and NRTI was determined on Day 7
using an MTT assay as previously described. The mean
OD490 values for non-treated controls were taken for 1,
and the cytotoxicity data have been converted to obtain
the normalization factors. All observed HIV-1 RT activity
values were normalized by these factors and plotted as a
function of NG/NTP or NRTI concentrations. Antiviral
efficacy was expressed as the effective drug concentration
that inhibited HIV-1 RT activity by 90 % (EC90) and was
determined from concentration-effect curves generated
using GraphPad Prism 4.03 (GraphPad Software, San
Diego, CA).

Transport Across the BBB

Murine brain capillary endothelial cells bEnd3 have been
grown until confluency on the semi-permeable membrane
of Transwell inserts (24-well plate) treated with Matrigel
according to the protocol (Simon et al. 2010). Trans-
endothelial electrical resistance (TEER) was measured on
Day 5 using E-VOM2 Epithelial Voltmeter (World Preci-
sion Instruments, Sarasota, FL). Confluent monolayers had
resistance values ≥33 Ωcm2. Upper Transwell compart-
ment (apical side) medium containing 10 % FBS was
mixed with stock nanogel solution. The lower Transwell
compartment (basolateral side) contained fresh serum-free
medium. Plates were incubated for 0.5, 1, 2 and 4 h at
37 °C, when fluorescence of basolateral solution was mea-
sured at ex 590 nm/em 620 nm in black-walled plate in
duplicates. Results have been analyzed and Papp calculated
using the following equation: Papp=(dx/dt) ⁄ (0.33×Co×
60×60)(cm/s), where x is the nanogel accumulation on
the basolateral side during 1 h-incubation, Co is the initial
nanogel concentration on the apical side, and 0.33 is the
filter area in cm2.
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Brain Accumulation

Nanogel samples have been labelled with N-succinimidyl [3H]-
propionate (Moravek, Brea, CA) as previously described
(Vinogradov et al. 2004a). Each 3H-NG/CTP formulation was
injected in the tail vein of C57BL/6 mice (3 animals per group),
and its amount in blood and organs (brain, liver, spleen, kidney,
lung and heart) was measured at different doses and time
points. Organs were analyzed by dissolving in 1 mL Solvable
solution (Perkin Elmer, Santa Clara, CA) per 100 mg tissue for
1 h at 60 °C. Samples were treated with 0.1 mL of 0.2MEDTA
and 0.2 mL of hydrogen peroxide (30 % v/v) overnight, and
then mixed with 0.1 mL of 1 N HCl. Half of the tissue solution
was added to 2 mL of Ultima Gold Scintillation Mixture
(Perkin Elmer) in glass scintillation vial, and the sample radio-
activity was measured using a 2500TR/RB Packard Tricarb
liquid scintillation analyzer (Perkin Elmer).

Results

Vectorized Nanogel Carriers

Ultra small nanogel carriers (d~20 nm) could be prepared
from self-assembling spherical cationic CEPL polymer net-
work modified with short PEG molecules (Fig. 2a). The cat-
ionic nanogel network is easily accessible to small NTP mol-
ecules in aqueous solution and could be loaded by simple
mixing both nanogel and NTP drug solutions Vinogradov
et al. (2005b). For drug delivery to the brain, we synthesized
novel cholesteryl-EPL (CEPL) nanogel carriers of very small
size based on the biodegradable ε-polylysine polymer, which
was recently approved for certain human applications (Hunter
and Moghimi 2010). Optimal cholesterol content in order to
ensure the efficient cellular uptake of PEGylated cationic
nanogels was found to be in the range of 3–7 % or three

Fig. 2 a Chemical structures of
peptide-PEG-CEPL nanogel
(NG) and Lamivudine 5′-
triphosphate (LTP). Formation of
polyionic complex between
anionic LTP and cationic NG is
shown in the circle. b
Transmission electron
microimages of the CEPL core
(left image) and NG/NTP
nanodrug (right image) after
vanadate staining. c NG/NTP
demonstrated sustained drug
release with linear in vitro kinetics
(right graph; PBS, 25 °C)
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cholesterol moieties in one CEPL molecule. EPL was
derivatized using cholesterol chloroformate, and the water-
soluble CEPL product was purified by dialysis. After sonica-
tion, CEPL immediately formed compact core particles of
10 nm in diameter. To attach PEG molecules of protective
polymer shell around the core particles and brain-targeting
peptide vectors, we used PEG reagents, mPEG3500-NHS and
maleimide-PEG3500-NHS. These reagents react with amino
groups of the CEPL core. Brain-specific peptides with N-
terminal cysteine and C-terminal amide modifications could
be covalently attached by reacting with maleimide moieties of
the PEGylated nanogels (Fig. 2a). Hydrodynamic diameter
(dh) of NG in aqueous solution was less than 20 nm, however,
peptide-modified nanogels showed a larger size of 32-35 nm
(Table 1; and compare to TEM images in Fig. 2b).

An average peptide content in nanogels was 12±1%, which
corresponds to two peptides per nanogel in average, or
derivatization rate of 70 %. Based on the size, larger
peptide-modified particles could potentially represent a tetra-
hedral association of four smaller nanogels (e.g., see marked
particles in Fig. 2b). Thus, vectorized nanodrugs may contain
from 2 to 8 peptide molecules and be able to bind vascular
targets on the BBB cooperatively and remain efficiently at-
tached to the brain endothelium in hydrodynamic conditions
of the blood flow.

NG/NTP Nanodrug Formulation

5′-Triphosphates of antiviral nucleoside analogs (NTP) act as
active intermediates in the inhibition of HIV-1 reverse tran-
scriptase (RT) through the DNA chain growth termination.We
synthesized 5′-triphosphates of Zidovudine, Lamivudine and
Abacavir (ZTP, LTP and BTP, respectively), components of
therapeutic antiviral cocktails Combivir and Trizivir, using the
previously developed method of chemical phosphorylation
(Vinogradov et al. 2005a). Lamivudine was used with exocy-
clic amino group protected by isobutyryl group. All NTP have
been purified by dialysis (MWCO 500) against water and
precipitated as sodium salts in acetone solution of sodium
perchlorate. Purity of NTP was usually higher than 70 %;
other products were mostly di- and monophosphates, which
are also active drugs, as determined by analytical ion-pair
reverse phase HPLC (Galmarini et al. 2008). UV purity of
these compounds was 90–95 % (NRTI content). Dry sodium
salts of NTP samples could be stored in refrigerator with less
than 5 % degradation in two years.

NG/NTP formulations have been prepared by mixing con-
centrated aqueous solutions of cationic NG and anionic NTP
drugs (4:1 weight ratio). After isolation by gel filtration, NG/
NTP complexes were obtained in lyophilized form. Drug con-
tent in the complexes was calculated from UV absorbance
using extinction coefficients of NRTI (Table 1). All NG/
NTP nanodrugs demonstrated good solubility in aqueous

and serum-containing media and formed compact particles
with narrow size distribution. In physiological conditions
in vitro, NTP molecules could slowly dissociate from cationic
network and diffuse out from the internal volume of nanogels.
Complete NRTI release from nanodrugs showed practically
linear kinetics and was over after 4 days of incubation
(Fig. 2c).

Accumulation in Macrophages

Dominant cellular targets of antiviral nanodrugs are HIV-1 in-
fected macrophages. Brain-associated macrophages and mi-
croglia were also found to contain integrated virus (Garden
2002). To evaluate drug accumulation efficacy inmacrophages,
we used an in vitro culture of human monocyte-derived mac-
rophages (MDM). Cultured MDM were treated with
Rhodamine-labeled nanogels loaded with cytidine 5′-triphos-
phate (CTP) as a model drug, and the cellular accumulation
was analyzed by fluorescence-activated cell sorting (FACS).
We observed an interesting phenomenon after the treatment
with low concentration of nanodrugs (10 μg/mL). Nanodrug
accumulation reached maximum after 1 h-treatment, but the
amount of cell-associated nanodrug was then dropped signifi-
cantly after 2 h-treatment (Fig. 3a). At higher nanodrug con-
centration (50 μg/mL), the accumulation curve also showed a
downward bend after 30 min of incubation that was character-
istic to cells with active drug efflux. Evidently, nanodrug accu-
mulation in MDM is reversible; however, higher nanodrug
levels can overcome this cellular efflux. It is still unclear wheth-
er this property can affect the antiviral efficacy of NG/NTP
formulations at lower concentrations, for example, in the brain.
We observed a significant 6-fold increase in MDM accumula-
tion of nanodrug after 4 h-incubation at 50 μg/mL compared to
its concentration in the medium.

MDM uptake of peptide-modified and non-modified NG/
NTP was also compared. Glutathione was recently proposed
as a potential vector for drug delivery to the central nervous
system (CNS) (Geldenhuys et al. 2011). Glutathione-modified
nanogels (50 μg/mL) demonstrated the initial fast uptake in
MDM, which was directly proportional to the amount of glu-
tathione moieties attached to the NG and mostly reached sat-
uration after 4 h-treatment (Fig. 3b). Nanogel modification
with peptide vectors could increase MDM accumulation 16-
fold as compared to its concentration in the cellular medium.

Drug Release

Anionic NTP bind cationic nanogels via polyionic interac-
tions, which are sensitive to ionic strength and the presence
of counter-ions in the medium. Based on our in vitro drug
release results, nanodrug administration could be performed
every 3-4 days (Fig. 2c). We also investigated the intracellular
drug release using laser confocal microscopy. The complex of
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Rhodamine-labeled nanogel with Fluorescein-labeled ATP-
BODIPY FL as a model drug was prepared, and its accumu-
lation in MDM was monitored. Already in 30 min, we ob-
served a significant increase in diffuse green fluorescence of
free ATP drug in cytoplasm, while composite yellow fluores-
cence of ATP drug-loaded nanogels was mostly localized in-
side endosomes and on the cellular membrane. After 2 h-in-
cubation, the amount of free drug was even more elevated in
cytosol (Fig. 3c). The result shows that intracellular drug re-
lease occurs through an active membrane-related mechanism.
Previously, we found that interaction of cationic nanogels with
cellular membrane could induce a membrane fusion mecha-
nism that resulted in fast NTP drug release directly into cyto-
plasm (Vinogradov et al. 2002). In case of cholesterol-
modified cationic nanogels, this membrane interaction
(fusion) can be even stronger due to the synergistic effect of
both charge and lipophilic moiety, which accelerate intracel-
lular drug release either directly through cellular membrane or
from endosomes into cytoplasm (Guo et al. 2008).

Cytotoxicity in Brain-associated Cells

Cytotoxicity of NG/NTP formulations and multi-drug
cocktails was evaluated in human neuroblastoma SH-

SY5Y cells (neurons), human glioblastoma A172 cells (as-
trocytes), immortalized murine microglial BV-2 cells
(microglia) and brain capillary endothelial bEnd3 cells
(brain microvasculature). The standard MTT cytotoxicity
assay was used to determine nanodrug concentrations
when 50 % of treated cells survive (IC50 values). These
cell lines have been pretreated for 4 h with serial dilutions
of free and mixed NRTI, or NG/NTP obtained from non-
modified or peptide-modified (ApoE and BP2) nanogels,
and analyzed 24 h later. Survival curves plotted vs.
drug/nanodrug concentrations were used to calculate IC50

values using a trapezoid rule (Table 2). Free drugs and
combinations showed some toxicity (IC50 100–800 μg/
mL) only in microglial BV-2 cells, while in other cells
IC50 values were higher than 1 mg/mL, representing a
very low cytotoxicity. Unloaded ApoE-NG demonstrated
medium toxicity in all cells (IC50 200–500 μg/mL), while
unloaded non-modified nanogel was practically non-toxic.
NG/NTP showed no toxicity in all studied cells (IC50>
1 mg/mL). Comparison of ApoE- and BP2-modified NG/
NTP demonstrated that BP2-modified nanodrugs have
equal to ApoE-modified nanodrugs toxicity in microglial
cells, but are less toxic in neuronal cells and astrocytes
(Table 2).

Fig. 3 Accumulation of
Rhodamine-labeled nanogels
(Rh-NG) in MDM. a FACS
images obtained for the cells
treated with Rh-NG concentration
of 10μg/mL. Initially internalized
Rh-NG was ejected from MDM
in 2 h. b Cellular uptake kinetics
of Rh-NG and the carrier
modified with glutathione vector
(GLN1: 2.5 %, GLN2: 4.8 %
peptide content) at concentration
of 50 μg/mL. c Confocal
microimages of cells treated for
1 h with empty Rh-NG (top part)
or Rh-NG loaded with a 5′-
triphosphate drug ATP-BODIPY
FL (green fluorescence) at
concentration 25 μg/mL (bottom
part)
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Neurotoxicity

To evaluate potential neurotoxicity of nanodrugs, we measured
apoptosis in cultured SH-SY5Y neuronal cells treated with NG/
NTP at antiviral EC90 concentrations using Annexin V-FITC/
FACS method. In apoptotic cells, the FITC-labeled Annexin V
protein specifically binds phosphatidylserine on the exposed
inner membrane; fluorescent apoptotic cells are then counted
by FACS. Unmodified NRTI, NG/NTP and NG/NTP

vectorized with ApoE peptide induced low level of apoptosis
24 h after the treatment. Unloaded nanocarriers showed higher
neurotoxicity, evidently, due to the high density of cationic
groups present (Fig. 4a). Fortunately, proteolysis of the
nanogels’ EPL backbone in vivo should render them safe after
the drug release. These results demonstrate that brain-targeted
nanodrugs have good neurotoxicity profile and can be applied
for the treatment of HIV-1 infection in the CNS.

Significant detrimental effect of high ROS levels on viabil-
ity of neurons in the CNS was reported previously (Barzilai
2007). Potential neurotoxicity of nanodrugs associated with
ROS formation was measured in primary rat neurons treated
with NG/NTP at an effective antiviral concentration (Fig. 4b).
While hydrogen peroxide, as a positive control, induced a 3-
fold increase in ROS level in neurons, the NG alone wasn’t
active. Treatment with Abacavir (B) boosted two-fold the
ROS level in the cells, which could potentially lead to neuro-
toxicity. Oppositely, treatment with NG/BTP and, especially,
peptide-NG/BTP demonstrated a statistically significant lower
accumulation of ROS in neurons.

Mitochondrial Toxicity

Depletion of mitochondrial DNA (mtDNA) is a measure of
mitochondrial toxicity of many NRTI drugs causing neu-
rotoxic side effects. HepG2 cells are a common model of
new drug evaluation by mitochondrial toxicity. DNA con-
tent in treated cells was measured using a real-time SYBR
Green PCR after a 10-days treatment with NG/ZTP and Z
at concentration of 300 and 30 μg/mL, respectively. Nu-
clear DNA (nuDNA) was used as an internal standard. The
ratio of mtDNA/nuDNA in isolated total DNA is normally
constant, while in many NRTI-treated cells the ratio

Table 2 Cytotoxicity of NRTI, NG/NTP and corresponding antiviral
cocktails in brain-associated cells

Drug/nanodruga Neuronsb Astrocytesb Microgliab BBBb

Z >1c >1 0.8 >1

Z+L >1 >1 0.2 >1

Z+L+B >1 >1 0.1 >1

NG >1 1 >1 >1

NG/ZTP >1 >1 1 >1

NG/ZTP+LTP 1 >1 >1 –

NG/ZTP+LTP+BTP >1 >1 >1 –

ApoE-NG 0.2 0.4 0.5 1

ApoE-NG/ZTP 0.1 0.01 1 0.8

ApoE-NG/ZTP+LTP 0.1 0.03 1 –

ApoE-NG/ZTP+LTP+BTP 0.06 0.09 0.9 –

BP2-NG/ZTP 1 >1 >1 >1

BP2-NG/ZTP+LTP 0.9 >1 >1 –

BP2-NG/ZTP+LTP+BTP 0.9 >1 >1 –

a IC50 values (mg/mL) determined by MTT assay after 24 h treatment
b Cellular models: SH-SY5Y (neurons), A172 (astrocytes), BV-2 (mi-
croglia), bEnd.3 (BBB)
c Formulations with IC50>1 mg/mL are commonly considered as non-
toxic

Fig. 4 Cytotoxicity of NG/NTP formulations. a Apoptosis in SH-SY5Y
cells as a neuronal model after 24 h-treatment with Z, Z+L (2:1 wt) and
Z+L+B (2:1:2 wt) cocktails with total concentration of 20 μg/mL; or
ApoE-NG loaded with ZTP, ZTP+LTP (2:1 wt) and ZTP+LTP+BTP
(2:1:2 wt) cocktails with total formulation concentration of 200 μg/mL
(20 % NTP content). Data are means±SEM (n=3). b Formation of
reactive oxygen species (ROS) after 24 h-treatment of rat neurons with

formulations of NG/BTP and ApoE-NG/BTP (4 μg/mL), H2O2 (40 μM)
and NG (4 μg/mL). Data are means±SEM (n=6). c Depletion of
mitochondrial DNA (mtDNA) in hepatic HepG2 cells as a cellular
model to measure mitochondrial toxicity of drugs after 10 days-
treatment with AZT (30 μg/mL) and formulations of NG/ZTP and
ApoE-NG/ZTP (300 μg/mL). Data are means±SEM (n=3)
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becomes lower depended on drug toxicity. We observed a
significant two-fold reduction in the mtDNA/nuDNA ratio
for AZT and much lower 30 % reduction for NG/ZTP.
Nearly no mitochondrial toxicity was observed for
peptide-modified NG/ZTP (Fig. 4c). The used concentra-
tion corresponds to NG/NTP levels administered in vivo
and required to obtain effective antiviral nanodrug concen-
trations in the brain, which are equivalent to the 10-fold
reduction of antiviral activity (EC90) achieved in HIV-
infected MDM. Thus, brain-targeted peptide-NG/ZTP have
evidently a significant neurological advantage over AZT in
chronic treatment conditions.

Antiviral Activity

Antiviral efficiency of nanodrugs and multi-drug cocktails
was compared as a dose-dependent RT activity in HIV-1
infected MDM at different time points post-infection. The
cells were pretreated with NG/NTP for 4 h before inocula-
tion with HIV-1ADA strain. Viral RT activity in treated and
non-treated HIV-1 infected MDM cells was analyzed by
inclusion of 3H-thymidine in DNA on Days 5 and 7. We
evaluated antiviral efficacy of NG/NTP formulations: NG/
ZTP, NG/LTP, NG/BTP, and their mixtures corresponding

to Z : L ratio equal to 2 : 1 (similar to Combivir) and Z : L :
B ratio equal to 2 : 1 : 2 (similar to Trizivir). Viral RT
activity in treated infected MDM on Day 7 is shown as a
percentage of the RT activity in non-treated infected cells
(Fig. 5). Single drug NG/NTP formulations demonstrated
strong antiviral activity (IC90) at concentrations higher
than 2 μg/mL, or 0.7 μM by NRTI, which was better or
equivalent to the effective concentrations of free drugs
(Fig. 5a, b). Modification of nanodrugs with a brain-
specific peptide has not affected the efficacy of HIV-1 in-
hibition. Nanocarriers without drugs practically did not
affect the RT activity.

The dual-drug NG/NTP formulations showed the same ac-
tivity (IC90) at lower concentrations 0.9-1.1 μg/mL, or 0.3 μM
by NRTI. Triple-drug NG/NTP formulations were the most
effective, with IC90 equal to 0.3-0.6 μg/mL, or 0.1–0.2 μM
by NRTI (Fig. 5c, d). The equivalent activity of free NRTI
could be achieved usually in the range of 0.4–1 μM. It is
important to take into account that average NRTI content in
nanoformulations was 10%. Thus, NG/NTPwere more effec-
tive than free drugs; nanoencapsulated Abacavir, for example,
demonstrated equal to free drug HIV-1 inhibition efficacy at 4
to 7-fold lower drug level (Fig. 4d). Nanodrug combinations
demonstrated a similar activity pattern compared to the

Fig. 5 Antiviral efficiency of
NG/NTP formulations and
nanodrug cocktails in HIV-1
infected MDM. a–c Inserts show
the concentration of free NRTI (Z,
B, L) or nanodrugs (NG/ZTP,
ApoE-NG/ZTP, ApoE-NG, NG/
BTP, ApoE-NG/BTP, NG/LTP,
NG/ZTP+LTP, NG/ZTP+LTP+
BTP). NRTI content in nanodrugs
was ca.10 % (Table 1). d
Comparison of single nanodrug
(NG/BTP, NG/LTP), dual drug
(NG/LTP+BTP) and triple drug
(NG/ZTP+LTP+BTP) cocktails
at different dilutions. The dotted
line shows RT activity level
correlating to EC90. Data are
means±SEM of two experiments
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corresponding NRTI cocktails and suppressed HIV-1 RT ac-
tivity to the minimal detection sensitivity of the assay.

Transport in Cellular BBB Model

We compared the effect of nanogel modification with brain-
specific peptides on their ability to cross mature confluent
monolayers of murine brain capillary endothelial cells
(bEnd3) in the in vitro cellular BBB model (Brown et al.
2007). The bEnd3 cells (passages 32-34) were grown on
Matrigel-treated porous inserts until confluency, when the
electric conductivity of the cell monolayer significantly
dropped and its resistance increased to a 45-50 Ohm/cm2.
Lucifer yellow internal standard was used to ensure the integ-
rity of cell monolayers. Rhodamine-labeled non-vectorized
nanogel and nanogels modified with glutathione, BP1 and
BP2 peptides, ApoE and TGN peptides have been investigat-
ed in the BBB model in order to determine the most efficient
peptide candidate for the efficient nanodrug delivery into the
brain. Apparent permeability coefficient (Papp) values for
empty and CTP-loaded vectorized nanogels are shown in
Table 3. We found that cationic nanogels (without drug)
have predominantly a higher permeability across the BBB
than CTP-loaded neutral formulations. ApoE peptide in-
creased permeability modified nanogels by 70 % com-
pared to the non-modified nanogel. TGN peptide demon-
strated very close efficacy. BP1 and BP2 peptide modifi-
cations resulted in two- and three-fold increases in perme-
ability, respectively (Gerson et al. 2014). Surprisingly,
short tripeptide GLN occupied the second place by the
efficacy after BP2 peptide. The average peptide content
in modified nanogels was 11 %, which equivalent to two
peptide molecules per nanogel, but for GLN nanogels this
number was two times higher. Potential formation of tet-
rahedral tetramers from vectorized nanogels, which have
8 peptide molecules in total, was concluded from light
scattering data; this factor can significantly increase the

affinity of receptor-mediated interaction of nanodrugs
with the BBB endothelium.

Brain Accumulation In Vivo

We measured brain accumulation of BP2-peptide modified
tritium-labeled nanogel (BP2-NG) after i.v. injection in C57/
BL6 mice. Accumulation of radioactivity in the brain, blood
and other organs was determined two hours and 6 h post-
injection after animal sacrifice and perfusion. The data are
shown in Fig. 6a. Brain accumulation was two times higher
6 h compared to 2 h post-injection (2 and 1.2 % ID/g, respec-
tively), though the brain-to-blood ratio remained unchanged
(2.4). After 2 h, the accumulation in various organs (lung,
liver, spleen, kidney and heart) was ca. 4 % ID/g, but after
6 h it increased to 8–10 % ID/g on average. We evaluated the
effect of NG modification by BP2 peptide on accumulation in
the brain. BP2-NG demonstrated excellent 2.5 to 3-fold higher
brain accumulation in comparison with non-modified NG. It
can be seen in Fig. 6b that increasing the dose from 0.5 mg to
1 mg per mouse does not enhance significantly the brain ac-
cumulation of non-vectorized NG and BP2-NG 24 h post-
injection. I.v. injection of free BP2 peptide 1 h prior the ad-
ministration of BP2-NG evidently resulted in some increase of
the number of binding sites on brain endothelium. Interesting-
ly, at lower administered doses (0.5 mg/ mouse) we observed
nearly two-times higher accumulation in the brain (%ID/g),
while the brain/blood ratio was low (ca. 0.5). Higher nanodrug
dose was associated with the higher brain/blood ratio (1.5-2).
Effect of free BP2 peptide pre-injection on the blood/brain
ratio was also well visible. We concluded that BP2-NG/NTP
is a promising targeted nanodrug that is able to reach anti-HIV
therapeutic levels in the CNS.

Discussion

Effective CNS delivery of many drugs, especially hydrophilic
and negatively charged molecules, still remains an unsolved
dilemma. Progress of nanotechnology and development of
novel particulate drug delivery systems resulted in the exten-
sive search for drug nanoformulations that competently cross
the BBB. Despite many efforts, only a small fraction of ad-
ministered nanocarriers could find its way into the brain. Cat-
ionic macromolecules and nanocarriers demonstrated efficient
brain accumulation, however, high retention in lungs, liver
and spleen, the organs with high presence of macrophages,
and in the main filtering organ, kidney, was observed.
PEGylated cationic nanocarriers, loaded with negatively
charged drugs, demonstrated longer blood circulation and bet-
ter chances to penetrate the BBB (Kabanov and Batrakova
2004). Cationic nanogels built from PEGylated cationic
polyethylenimine (PEI) networks have emerged as a

Table 3 Apparent permeability coefficients of peptide-nanocarriers in
bEnd.3 cellular model of the BBB

Nanogela Papp, cm/s (w/o CTP) Papp, cm/s (with CTP)b

NG 2.86±0.1×10−6 2.2±0.21×10−6

GLN-NG 6.29±0.65×10−6 5.04±0.6×10−6

ApoE-NG 4.55±0.49×10−6 3.75±0.11×10−6

BP1-NG 4.78±0.16×10−6 4.55±0.8×10−6

BP2-NG 7.58±0.59×10−6 6.56±0.26×10−6

TGN-NG 4.36±0.4×10−6 3.52±0.55×10−6

aPapp coefficients of free NRTI: 1.67×10
−6 (Z), 1.8×10−6 (L) and 0.54×

10−6 (B)
b Nanogels loaded with a model triphosphate drug, CTP
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promising drug delivery system to the CNS (Vinogradov et al.
2004a), as well as for encapsulation of 5′-triphosphates of
nucleoside analogs (Vinogradov et al. 2005b). Among other
nanodelivery approaches, entrapment of ZTP with PEI and
encapsulation of the complex in poly(iso-butylcyanoacrylate)
nanocapsules is worth to mention. These nanocapsules effi-
ciently delivered ZTP to macrophages in vitro, reaching rele-
vant cellular concentrations for therapeutic purposes
(Hillaireau et al. 2006).

Recent investigations of the fate of different nanoparticles
in vivo showed strong dependence of the CNS accumulations
on the particle size (Sonavane et al. 2008). Smaller metal
nanoparticles penetrated the BBB much more efficiently and
exhibited higher neurotoxicity. Smaller nanoparticles were al-
so found to migrate farther from capillaries in the brain tissue
(Zhou et al. 2013). The size (dh) range for best CNS penetrat-
ing nanocarriers was 20–70 nm. We observed that the size
affected the retention of loaded cationic nanogels in organs:
the maximum retention was observed for particles with the
diameter between ca.100 and 200 nm. Thus, to reach the effi-
cient penetration of nanodrugs into the brain, small and uni-
form particles with dh 20–40 nm have to be manufactured.
Many micellar systems, e.g., polymer-lipid amphiphilic con-
jugates produce small nanoparticles in this size range
(Torchilin 2001). Another example, Pluronic-PEI conjugates
could be readily converted to micellar nanogels after sonica-
tion and cross-linking in aqueous system (Vinogradov et al.
2004b). In this paper, we applied the micellar architecture to
produce very small cationic nanogels starting from a new
biodegradable and biocompatible material, epsilon-
polylysine (EPL). Biosynthetic EPL is a linear cationic poly-
mer (Mw 4600) with antimicrobial activity that found

applications mostly as a non-toxic food additive (Hamano
2011). Compared to normal L-polylysine, it is significantly
less toxic and can be produced microbiologically in large
amount and with narrow polydispersity. Previously, an appli-
cation of amphiphilic octenyl-EPL in the form of micellar
nanocarriers for delivery of poorly soluble curcuminoids was
reported (Yu et al. 2011). We found that cholesterol-modified
EPL in aqueous solution can form compact cationic particles
after sonication due to the formation of internal cholesterol
clusters. Non-vectorized or vectorized nanogels are easily pro-
duced from these particles by modification with multifunc-
tional PEG linkers. Small nanodrugs (dh 20–30 nm) can be
produced after loading these nanogels with anionic drugs, e.g.,
5′-triphosphates of antiviral NRTI.

NRTIs are major components of anti-HIV multidrug cock-
tails and efficiently reduce viral titer in the blood. However,
many of them, e.g., Zidovudine and Abacavir, have very low
BBB penetration due to drug efflux transporters expressed on
the BBB endothelium (Shaik et al. 2007; Eilers et al. 2008).
Therefore, the NRTI levels in the CNS are usually inadequate
to significantly reduce the HIV-1 activity. Increase in dosage
can alleviate this obstacle, but is accompanied by serious side
effects, such as peripheral neurotoxicity resulted from NRTI-
related mitochondrial toxicity (Feeney and Mallon 2010).
Failure to treat HIV-1 infection in the brain leads to more
frequent occurrences of neuropathological disorders during
the life-long antiviral therapy (Lindl et al. 2010). Novel ther-
apeutic drugs able to boost the antiviral therapy in the CNS
and reduce toxicity associated with increased NRTI dosages
are in great demand. We recently suggested therapeutic appli-
cation of NRTI 5′-triphosphates, which could have limited
accumulation in mitochondria due to their negative charge.

Fig. 6 Biodistribution and brain accumulation of BP2 peptide-modified
nanogels. 3H-labeled nanogels have been injected in tail vein of C57/BL6
mice. aOrgans were harvested at 2 and 6 h, or b 24 h post-injection. Data
are means±SEM (four animals per group). Nanogels (NG, BP2-NG) were
injected at doses: a 1 mg, or b 0.5 and 1 mg per mouse (equal to 20 and

40 mg/kg). Nanogels levels in organs are shown as a percentage of
injected dose per gram (%ID/g), or in μg/g brain. The brain/blood ratio
was calculated using nanogel levels in the brain and serum at the specific
time points. BP2+ means i.v. injection of 1 mg of free BP2 peptide 1 h
before the injection of 3H-labeled BP2-NG in mice

J Neuroimmune Pharmacol (2015) 10:88–101 99



Various NG/NTP were tested in HIV-1 infected macrophages
and demonstrated several times more efficient inhibition of the
virus than free NRTI (Vinogradov et al. 2010). Vectorized
nanogels could deliver these drugs into the brain and induce
10-fold suppression of HIV-1 activity in the CNS following
the systemic two weeks treatment (Gerson et al. 2014). How-
ever, the NG/NTP must be produced from biodegradable and
more biocompatible materials than PEI to be applied for the
therapy of human patients. Novel CEPL-based nanogels meet
the requirements, and all studied nanodrug cocktails demon-
strated high antiviral efficacy, as well as low mitochondrial
and neuronal toxicities.

Consistent progress is being made in application of novel
brain-specific vectors attached via a linker to drug delivery
systems, which can enter the CNS via receptors on the luminal
surface of brain capillary endothelial cells. Although these
receptors may not be expressed only on the BBB, this ap-
proach can significantly enhance otherwise poor drug accu-
mulation in the brain. Different proteins and receptor-specific
antibodies, as well as certain small molecules using brain
transporters, have been studied with various degree of success
(Georgieva et al. 2014). One of the requirements for the effi-
cient CNS drug delivery is high density of these receptors,
which could support an adequate mass transport into the brain.
However, immunological limitations associated with non-
humanized proteins make their application complicated. Short
peptides usually do not induce immune response; therefore,
recently effective selection approaches for peptide binding
endothelial receptors have been developed (Powell Gray and
Brown 2014). Brain-targeting of nanodrugs using convenient
peptide vectors would create excellent nanodrug candidates for
the advanced treatment of HIV infection in the CNS. Several
promising vectors, targeting specific receptors expressed on the
BBB endothelium, were recently identified by using phage dis-
play approach. Apolipoprotein E receptor is specific for the
BBB and was shown to allow delivery of ApoE-modified
nanocarriers into the brain (Zensi et al. 2009). Recently, we
successfully used a short peptide binding the ApoE receptor
(Sauer et al. 2005) to vectorize cationic nanocarriers for CNS
delivery (Zhang et al. 2010; Vinogradov et al. 2010). Here, we
compared several reported combinatorially selected peptides as
vectors for nanogel delivery into the brain. Two brain-
binding peptides (BP1 and BP2) have been identified
using in vivo panning from 7-mer peptide phage display
library (Sadanandam et al. 2007). We found that BP2
peptide was the most efficient one when used in mod-
ification with NG/NTP in comparison to other tested
peptides in delivery of nanodrugs across the in vitro
bEnd.3 model of the BBB (Table 3). In addition, BP2-
modified NG/NTP showed a much lower neurotoxicity
than ApoE-modified NG/NTP and, thus, can be consid-
ered as potential candidates for translational preclinical
research.

Important information was obtained in this research about
antiviral activity of multi-nanodrug cocktails, modelling ther-
apeutic dual- or triple-drug NRTI cocktails, such as Combivir
and Trizivir. When RT inhibition by individual NG/NTP and
NG/NTP combinations was compared to free NRTI and drugs
cocktails in cultured HIV-1 infected MDM, the nanodrug
combinations were found to have similar or higher efficacy
based on the effective drug concentration resulting in 10-fold
reduction of RT activity (EC90). On average, 5-fold higher
therapeutic levels of nanodrugs compared to EC90 levels ob-
served in the infected MDM could be reached in the brain
even 24 h after the systemic administration of BP2-NG/NTP.
The reported here nano-NRTI approach is the further step to
adequate treatment of HIV-1 infection in the brain. These nov-
el nanodrugs will be next studied in vivo in order to determine
optimal parameters of systemic administration, reduced pe-
ripheral toxicity, high brain accumulation, and efficient thera-
peutic activity against HIV-1 infection and HIV-related in-
flammation in the CNS.
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