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Nanogels are colloidal microgel carriers that have been recently introduced as
a prospective drug delivery system for nucleotide therapeutics. The crosslinked
protonated polymer network of nanogels binds oppositely charged drug
molecules, encapsulating them into submicron particles with a core-shell
structure. The nanogel network also provides a suitable template for chemical
engineering, surface modification and vectorisation. This review reveals recent
attempts to develop novel drug formulations of nanogels with antiviral and
antiproliferative nucleoside analogs in the active form of 5′-triphosphates,
discusses structural approaches to the optimisation of nanogel properties, and
discusses the development of targeted nanogel drug formulations for systemic
administration. Notably, nanogels can improve the CNS penetration of
nucleoside analogs that are otherwise restricted from passing across the
blood–brain barrier. The latest findings reviewed here demonstrate an efficient
intracellular release of nucleoside analogs, encouraging further applications of
nanogel carriers for targeted drug delivery.
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1.   Introduction

Nucleoside analogs and their derivatives remain the first-line chemotherapeutic agents
in the fight against a broad variety of viral pathogens [1,2] and actively proliferating cells
of various cancer types [3,4]. Of the 30 compounds used in the US for treatment of
viral infections, 15 are nucleoside analogs. During the past decade, there has been
dramatic progress in understanding intracellular uptake, drug metabolism, interaction
with cellular targets and pharmacokinetics of many nucleoside analogs. These
compounds are actually antimetabolites that interfere with nucleic acid synthesis either
by being incorporated into viral or cellular DNA or RNA, or by modifying the
metabolism of physiological nucleosides. Each nucleoside analog possesses unique
drug–target interactions that help to explain the differences in their activity, in various
diseases. The initial drug paradigm was that nucleoside analogs are mostly active in
proliferating or virus-infected cells, and do not affect normal cells. However, in reality,
severe toxic effects accompany treatments with therapeutic doses of nucleoside
analogs. Given the low therapeutic index (ratio of toxic and effective drug
concentrations) of most nucleoside analogs, the abundance of their molecular targets
and the multitude of drug resistance mechanisms, they are among the most complex
therapeutic agents. Major reasons why nucleoside analogs need to be administered in
high doses are: low levels of intracellular drug accumulation; ineffective cellular
phosphorylation necessary for drug activation; constitutive cellular drug efflux
mechanisms; drug metabolism and deactivation; and rapid clearance from the
bloodstream. Therefore, we face an unmet medical need for the improvement of the
drug efficacy and bio-distribution through delivery of activated-form nucleoside
analogs to the site of treatment. There are now two main directions for developing
new advanced drug forms of nucleoside analogs – development of prodrugs and
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supramolecular drug formulations. This review focuses on
recent progress in developing nanoparticulate drug carriers
(nanogels) for the delivery of nucleoside analogs in their active
phosphorylated form.

2.   The active form of nucleoside analogs is 
nucleoside 5´-triphosphate

Following administration, many nucleoside analogs are rapidly
subjected to enzymatic metabolism [5]; their cellular
accumulation and clearance is regulated by specific nucleoside
drug transporters [6-8]. The initial step in the activation of
nucleoside analogs is cellular phosphorylation to nucleoside
5′-monophosphates (NMPs), performed by cellular or viral
kinases [9]. The next step of intracellular enzymatic
transformation of nucleoside analogs is their conversion into
the active nucleoside 5′-triphosphates (NTPs), which are major
substrates for DNA or RNA polymerases. Accumulation of
NTP depends on the activity of corresponding cellular
phosphoryl transferases and is an ineffective process for most
nucleoside analogs [10]. As a result, only a small fraction of the
administered drug is converted into the active form. NTPs not
only terminate the chain elongation by polymerases, but also
induce S-phase specific apoptosis [11]. Nucleoside analogs have
also been implicated in mitochondrial toxicity. In fact, this
mode of action was even suggested as a major cytotoxic
mechanism of many nucleoside analogs [12]. The therapeutic
effect of nucleoside analogs is determined mainly by sufficiently
high intracellular concentrations of their respective NTPs and
strongly depends on nucleoside structure and cell type [13].
Therefore, administration of previously phosphorylated drugs
will result in bypassing the first step of intracellular activation
and faster intracellular accumulation of NTP.

The prodrug (pronucleotide) concept entails administration
of stable and metabolically active forms of nucleoside analogs,
which are accumulated better into the targeted cells and are
readily converted by in vivo biological enzymes into unstable,
activated forms. Most nucleoside prodrugs include advanced
oral forms or hydrophobic derivatives with superior bio-
availability [14-16]. However, successful applications of this
approach using NTP only include covalent phospholipid
conjugates of anti-HIV drug, 3′-azidothymidine (AZT),
demonstrating a higher bioavailability and lower toxicity than
AZT [17]. A derivative of cytosine arabinoside, 5′-hexadecyl
phosphonodiphosphate, was found to be orally active against
murine lymphatic leukaemia with less pronounced side effects
than the parent drug [18].

3.   Drug delivery systems increase therapeutic 
effect of nucleoside analogs

The prodrug approach does not solve all the problems associated
with intracellular delivery and activation of nucleoside analogs.
Many laboratories are now focused on the development of
effective drug carriers using nanotechnology [19]. Different

polymeric drug delivery systems have been introduced and
evaluated in recent years. Following intravenous administration,
polymer-conjugated drugs was better accumulated in various
tumours with leaky vasculature through an enhanced
permeability and retention (EPR) effect [20], and exhibited lower
systemic toxicity compared with non-conjugated drugs [21,22].
However, as the active content in such polymeric drugs may be
quite low, in many cases therapeutic doses cannot be achieved in
the tumour site.

Liposomes were the first delivery system recognised for drug
formulations of nucleoside analogs [23]. Liposomal delivery of
chemotherapeutic agents reduces normal tissue toxicity by
lowering free-drug concentration in the bloodstream, and
enhances drug efficacy due to better cellular and tissue
accumulation. Multiple examples of liposome-encapsulated
nucleoside analogs and their lipophilic derivatives were
extensively discussed in recently published reviews [24-26].
Principal weaknesses of liposomal drug formulations were drug
leakage, short storage time and the problems associated with
oral administration.

Biodegradable nanoparticles composed of poly(D,L-lactide)
or poly(D,L-lactide-co-glycolide) have been successfully applied
to drug delivery and the sustained release of many drugs,
including nucleoside analogs in the treatment of HIV and
cerebral tumours [27-29]. As in the case of liposomes,
nanoparticles display low toxicity and immunogenic effects,
and are known to accumulate in phagocytic cells after
intravenous administration. Therefore, they have a significant
therapeutic potential for macrophage targeting [30].
Nevertheless  owing to the slow kinetics of drug release from
nanoparticles, it will be difficult to obtain effective local
concentrations of nucleoside analogs.

Hydrophilic microgel particles composed of swollen polymer
networks are now recognised as promising systemic carriers for
controlled and site-specific drug delivery [31-33]. Different types of
crosslinked polyacrylate microgels were earlier synthesised and
used for encapsulation of nucleoside analogs. Polyhexyl-
cyanoacrylate nanoparticles, alone or coated with polysorbate 80,
were studied for antiviral nucleoside drug delivery to
the HIV-infected monocytes [34,35]. After intravenous adminis-
tration, colloidal drug delivery systems are preferentially taken up
by the reticuloendothelial system (RES). Authors report an
18-fold increase of AZT concentration in organs belonging to
the RES if the drug was bound to nanoparticles, compared with
unbound AZT. A similar study on polyisohexylcyanoacrylate
nanospheres encapsulating AZT through hydrophobic
interactions demonstrated an ability of the intestinal epithelium
and associated lymphoid tissues (one of the major reservoirs of
the HIV) to accumulate the drug-loaded carrier and efficiently
increase the tissue concentration of the drug [36]. Recently, poly-
butylcyanoacrylate and methylmethacrylate-sulfopropylmetha-
crylate nanoparticles were used for binding of anti-HIV
nucleoside analogs on the external surface of these carriers [37,38].
The former carrier was found to be compatible with intravenous
administration, and was also found to be 1.5-times more efficient
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in crossing the blood–brain barrier (BBB) than the latter carrier,
using bovine brain microvessel endothelial cell monolayers as an
in vitro BBB model. However, in both cases, the amount of
incorporated drugs crossing the BBB was much higher than that
of free drugs. Notably, the particle size of the carriers was kept
nearly monodispersed and < 100 nm. Biodistribution of larger
colloidal carriers could be of use in the treatment of infections
involving the RES, whereas brain and tumour delivery remains at
lower level [39]. Drug delivery outside the RES can be achieved by
adjusting the colloidal carrier size, coating with different
non-ionic surfactants or attachment of targeting vector molecules
to the surface of carriers [40]. Recently, various applications of
microgels for drug delivery have been reviewed [41].

4.   Nanogels are a novel type of hydrophilic 
polymer carriers

A novel type of nanosized polymeric microgel (nanogel)
(Figure 1) consisting of a polymer network of charged polyionic
segments crosslinked by polyethylene glycol (PEG) segments,
and having a total molecular mass of several million
Daltons, was developed for encapsulation of oligo-nucleotides,
poly-nucleotides and other charged molecules [42,101-102]. Many
drug delivery applications of nanogel carriers have been recently
reviewed [41,43]. The nanogel network offers many advanced
features as a drug delivery system including: simplicity of drug
formulation; high drug-loading capacity; exceptional dispersion

stability; and prolonged storage of drug formulations in the
freeze-dried form. Nanogels can be stored in a dried form at
ambient temperature and can easily be resuspended in aqueous
media, forming particulate dispersions with a hydrodynamic
diameter of 120 – 350 nm. Oppositely charged compounds may
be loaded into nanogels by simply mixing their solutions, with
the dispersion of the carrier in aqueous media. Polyionic
complexes of negatively charged oligonucleotides and protonated
amines of polyethylenimine (PEI) molecules in cationic nanogels
formed spontaneously in a matter of minutes. This process was
accompanied by a significant compaction of the nanogel
network, resulting in > 10-fold volume reduction [42]. Although
the degree of initial swelling of nanogels depends on the number
of crosslinks in the polymer network (or PEG to PEI molar
ratio), more than a two fold reduction of hydrodynamic diameter
was observed for nanogels loaded with oppositely charged
molecules. The authors have found that a minimum number of
six PEG crosslinks per PEI molecule was required to obtain
nanogels with desirable mechanical properties. At this PEG to
PEI molar ratio, homologous macrogels demonstrated the
highest (30- to 40-fold) swelling degree in water [44]. The nanogel
network provides an excellent protection of labile drug molecules
and is capable of carrying a high payload of drugs, up to 30% by
weight. Several features of nanogels, such as high molecular mass
and small particle size, can promote a passive targeting in
tumours due to the previously mentioned EPR effect. In addition
to passive targeting, surface modification of nanogel with

Figure 1. Schematic presentation of the cationic nanogel network. A. Structure of nanogel NG(PEG) consists of branched
molecules of PEI (25 kDa) cross-linked with PEG (as shown in Figure 1A) or Pluronic® molecules (as shown in Figure1B), activated by
1,1’-carbonyldiimidazole and forming urethane bonds with amino groups of PEI. B. Structure of biodegradable nanogel NG(Pluronic®)ss
contains molecules of segmented PEI (30 kDa) consisting of branched PEI (2 kDa) blocks linked with disulfide bonds. Nanogel network
was cross-linked the same way as in Figure 1A.
PEI: Polyethylenimine; PEG: Polyethylene glycol.
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tumour-specific vector molecules acting synergistically, may
significantly enhance the selectivity of drug accumulation in
solid tumours.

4.1   Nanogel formulations with phosphorylated 
nucleoside analogs
Many prospective nucleoside analogs have been discarded in
earlier preclinical studies, or withdrawn later from clinical
studies as their intracellular conversion into NTP was
inefficient within an acceptable dosage range. The choice of
available anticancer drugs could be considerably broadened,
given that these drugs are delivered into the cytosol in a
preactivated NTP form. However, only a limited number of
efforts were made to directly administer NTP encapsulated in
special drug-delivery vehicles, as this drug form was found to be
too unstable to be used in chemotherapy. In one example,
5′-triphosphate of 2′,3′-dideoxycytidine was found to be
well-protected in circulation and delivered to a mononuclear
phagocyte system in PEG-stabilised liposomes [45]. Recently,
the authors have demonstrated successful application of
cationic nanogels for encapsulating 5′-triphosphates of natural
nucleosides and nucleoside analogs. Phosphate moieties of
NTP formed ionic complexes with protonated amino groups of
PEI and compacted into the nanogel network core, surrounded
by a layer of PEG loops (Figure 2). Based on these findings,
nanogels can be used for direct delivery of immediately active
NTPs (instead of nucleoside analogs) into infected or cancerous
cells. Therefore, nanogels may be developed into a promising
therapeutic formulation. To test this strategy, nanogel/NTP
formulations of several cytotoxic nucleoside analogs, such as
2′-fluoroadenine arabinoside, AZT and cytosine arabinoside
were studied. Initial nucleosides were converted into NTP,
using well-developed chemical phosphorylation methods [46]. A

polyionic drug complex with nanogel was formed immediately
by the direct mixing of an aqueous dispersion of the carrier with
the NTP solution. Complex formation could be traced by
marked reduction of the hydrodynamic diameter of Nanogel
particles, observed by dynamic light scattering. An alternative
approach involved titration of the dispersion of nanogel-
containing deprotonated amines with NTP in an acidic form,
until a neutral pH of the resulting solution was reached. In
both cases, lyophilised formulations were obtained that could
be stored in dry form at 4oC, without any trace of NTP
decomposition for at least 1 year. Drug (NTP) loading
depended directly on the PEI content in nanogels, and was
equal to 15 – 30% of the weight of dry formulation, or
0.5 mmol of NTP/g on average. Drug-loaded nanogel particles
swelled and retained enough water in their interior to ensure a
high solubility and dispersion stability in aqueous media.
Experiments on in vitro drug-release demonstrated a sustained
release of nucleotide drugs from nanogels in physiological
medium, reaching ∼ 30% of the initial drug-loading during the
first 24 h of incubation at 37oC. Evidently, in vitro release of
free drug from nanogels in circulation is slow enough to cause
no serious problems associated with non-specific toxic effects of
unbound nucleoside analogs.

Nanogels provided significant protection of encapsulated
phosphorylated nucleosides from degradation by ubiquitous
intra- or extra-cellular dephosphorylating enzymes. In model
experiments, 30 – 60% of encapsulated NTP was protected
and kept intact, depending on the nanogel loading capacity,
compared with only 10% of the free NTP following
incubation with alkaline phosphatase. In addition, ∼ 60% of
degraded nucleotide was found in the form of mono- and
di-phosphates that are also active drug species. Drugs may be
released from nanogel/NTP formulations by a multi-variant

Figure 2. Diagram demonstrating nanogel loading with a nucleoside 5’-triphosphate. Aqueous dispersion of the nanogel
network mixed with aqueous solution of NTP forms a polyionic complex with the drug (as shown in the insert, with AZT-TP and amino
groups of PEI). The drug binding results in the immediate network compaction and formation of small particles with a core shell
structure: a dense core of the PEI-NTP complex surrounded by an envelope of polymer loops.
AZT: 3´ -azidothymidine; NTP: Nucleoside 5´ -triphosphate; PEI: Polyethylenimine.
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mechanism. Nanogel can slowly release a considerable
amount of the encapsulated drug in the form of nucleoside
5′-phosphates, which are formed as a result of partial
dephosphorylation at physiological conditions and dissociate
more easily from the nanogel interior. However, a remaining
fraction of the formulated NTP may be unbound only in the
event of binding with competitive cellular polyanions.
Previously, a putative mechanism of drug release (Figure 3)
including interaction of nanogel cationic network with
negatively charged phospholipids and other components of
the cellular membrane has been suggested [43]. Membrano-
tropic properties of nanogels were clearly illustrated recently
by dose-dependent interactions of tritium-labelled nanogels
with isolated cellular membranes, and by direct visualisation
of these events using transmission electron and atomic force
microscopy [47]. These findings could clearly be observed in a
cellular system of rhodamine-labelled nanogels loaded with a
fluorescein-labelled ATP (Figure 4). Initial accumulation of
nanogel on the cellular membrane was evident on these
confocal images taken earlier, after cell treatment. This
process was accompanied with a fast release and
accumulation of the green fluorescent ATP into the cytosol.
At a later time point (60 min), most of the drug-loaded
nanogels, as well as membrane-bound unloaded nanogels,
were taken up by endocytosis (yellow and red dots) and
accumulated in endosomes. However, membrane binding
and the process of drug release continued inside the
endosomes, and a much higher level of green fluorescent
ATP was now observed in the cytosol. This process has been
called membrane-triggered drug release from nanogel-ATP
complexes. In this process, positively charged nanogel
competitively formed more stable complexes with
phospholipids of the cellular membrane, fusing into the lipid
bilayer and releasing NTP directly into the cytosol on the
other side of the membrane. The feature provides an evident
advantage over many existing drug delivery systems, as
nanogel can release the drug rapidly, by means of bursting, as
soon as the carrier reaches the target site.

Several cytotoxic nucleoside analogs in the form of NTP
have been formulated with nanogel. Surprisingly, the
cytotoxicity of these formulations tested in various

human breast carcinoma cell lines was approximately two
orders of magnitude higher compared with the parental
non-phosphorylated drug (Figure 5). This additional
cytotoxic effect was independent of the inherent
cytotoxicity of the carrier, as similar nanogel-ATP
complexes exhibited markedly lower cytotoxicity.
Based on previous findings, the authors have attributed
the observed cytotoxic efficacy of nanogel-NTP
formulations to the rapid creation of an excessive
inhibitory NTP concentration higher than the cytosolic
pool of cellular nucleotides.

Toxicology of many novel drug carriers constitutes a serious
challenge for polymer chemists and chemical engineers. By
analogy to the therapeutic index of antiviral drugs (usually
determined as a ratio of drug cytotoxic concentration [IC50] to
the drug effective concentration [EC50]), various drug delivery
systems may be also compared by their own therapeutic index,
which may be determined as a ratio of cytotoxic concentration
of the carrier to the cytotoxic concentration of the
carrier-loaded drug. The higher the therapeutic index, the
better the drug-carrier formulation. In the case of cationic
nanogel-NTP formulations, the therapeutic index value was
usually > 50, which is considered to be a very good ratio for
many drugs.

4.2   Biodegradation reduces cytotoxicity of nanogels
One of the major concerns related to therapeutic applica-

tions of cationic carriers such as PEI, poly-L-lysine, block
copolymers and others, was the cytotoxicity related to their
cationic nature [48-50]. Toxic effects of polycations were
attributed mainly to the damage of cellular membranes
(leaking patches) [51,52] or binding with important cellular
components [53]. Some immunological problems were also
associated with systemic application of PEI (a major
component of nanogel) for gene therapy [54]. However,
modification of PEI by PEG molecules significantly reduced
these responses because of the ‘shielding’ of immunogenic PEI
from interaction with plasma proteins [55]. Similarly, the
nanogel network (PEG-cl-PEI) demonstrated lower
cytotoxicity than free PEI (by two orders of magnitude).
Evidently, this was partially due to a negligibly small surface

Figure 3. Putative mechanism of membrane-triggered drug release from nanogel. On the left side, protonated parts of
drug-loaded nanogel comes in close contact and interacts with negatively charged phospholipids and components of the cellular
membrane. The right side of the figure shows the nanogel network fused into the phospholipid bilayer and rapid drug release into the
cytosol through competitive interactions of cationic PEI molecules with phospholipids. 
Reprinted with permission from [47]. Copyright 2005 American Chemical Society.
PEI: Polyethylenimine.
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charge of nanogel compared with PEI in solution (4 versus
50 mV, respectively). Nanogel toxicity may be determined, in
part, by the toxicity of its degradation products. Release of

free PEI in the event of nanogel degradation would definitely
enhance cytotoxicity of the carrier. Urethane bonds
connecting PEI and PEG chains in nanogels are relatively
stable at physiological conditions. However, when in close
proximity to the highly charged amino groups of PEI, these
bonds become degraded, and the whole nanogel network
decomposes into biological milieu. Major initial nanogel
degradation products are multiple PEG-grafted PEI
copolymers (PEG-g-PEI). The authors have evaluated the rate
of the nanogel degradation process and have found the
half-life period to be ∼ 8 days in physiological solution at
37oC. This was found to be even shorter at lower pH values of
4 or 5 (e.g., the existing pH in endosomal compartments). In
this property, nanogel is similar to poly (lactic-co-glycolic
acid) (PLGA) nanoparticles that completely degrade in the
course of several weeks. Conjugates of PEG-g-PEI showed
markedly lower cytotoxicity than PEI in many cell cultures
[56-58]. The authors also showed that nanogels with higher
crosslinking density (greater PEG to PEI ratio) are less toxic
than carriers with lower ratios [44]. Low pore size associated
with high cross-linking density of nanogels will not hamper
encapsulation of smaller drug molecules, such as NTP, in
the carrier.

Another suggestion to reduce cytotoxicity of nanogel
carriers was through the application of biodegradable
nanogel with a PEI-backbone consisting of short PEI
(2 kDa) molecules connected via biodegradable disulfide
bonds [59]. Synthesis of the segmented PEI used in
preparation of the biodegradable carrier was previously
described [60]. Fast degradation of disulfide bonds in a
nanogel network can occur in the reductive intracellular
environment, resulting in the formation of very low toxic
PEG-g-PEI (2 kDa) conjugates with molecular weights

Figure 4. Interaction of drug-loaded nanogel with cellular membrane and drug release in cancer cells. Laser confocal
micrographs overlaid on contrast pictures of human breast carcinoma MCF-7 cells, following incubation with a model formulation of
rhodamine-labeled nanogel with fluorescein-labeled ATP. Figure 4A shows initial accumulation of nanogel on the cellular membrane
(30 min after treatment), while a part of the released drug is already visible in cytosol. Further intense drug release and accumulation of
nanogel in cytosol is demonstrated in Figure 4B (60 min after treatment) where green fluorescence associated with the released ATP is
profoundly distributed all over the cytosol. Separate points of yellow fluorescence show ATP-loaded nanogel locations.
Reprinted with permission from [47]. Copyright 2005 American Chemical Society.

A B

Figure 5. Comparative cytotoxicity of nucleoside analogs,
NTP and nanogel formulations. This graph shows a significant
10-fold increase of cytotoxicity for nanogel-NTP formulations at
24h-treatment of human breast carcinoma MCF-7 cells, compared
to non-encapsulating drugs. Nanogel NG(PEG) loaded with 20%
(w/w) of cytotoxic drug (AZT) or non-toxic nucleotide ATP, and
non-encapsulated nucleoside analog AZT and its 5’-triphosphate
AZT-TP were used in the treatment. The corresponding IC50 values
were equal to 22, 210 and 600 µg/ml (for both compounds). 
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of ∼ 12 kDa. These reducible nanogels (NGss) demon
strated significant (up to seven fold) decreases in cytotoxicity
compared with carriers containing regular PEI (25 kDa)
(Table 1). Although environmental degradation of regular
nanogels with urethane bonds was slow, ∼ 70% of the
biodegradable nanogel network was readily converted into
the above mentioned conjugates with much lower molecular
weights, following a short treatment with the reducing
agent, dithiothreitol (DTT). These conjugates are also
expected to have good renal clearance (MWCO 40 kDa). In
summary, overall cellular toxicity of biodegradable nanogels
was equal to or less than the best examples of existing
cationic polymer carriers [61,62].

4.3   Modulation of membranotropic properties of 
nanogels
Evidently, interaction of the nanogel network with the cellular
membrane may be a key event in triggered drug release. Once
this mechanism was revealed, efforts were focused on chemical
engineering of nanogels to increase binding and fusion with the
lipid bilayer. The first approach consisted of introduction of
lipophilic components of the cellular membrane (cholesterol
moieties) into the nanogel network [63]. In this case, primary
amino groups in the nanogel were modified at various rates with
cholesterol chloroformate. Highly modified nanogels (> 5%)
were insoluble or slightly soluble. Nanogels with a lower
substitution rate (1 – 5%) demonstrated sufficient solubility and
significantly increased cellular association. An average increase of
cellular association for cholesterol-nanogels was three to four fold
above the association for non-modified carriers.

In the second approach, nanogels were synthesised starting
from amphiphilic polymers instead of PEG (Table 1). These
water-soluble polymers contained blocks of lipophilic
poly(propylene oxide) (PPO) flanked with hydrophilic
poly(ethylene oxide) (PEO) blocks. It has been shown that size
of the PPO block and PPO/PEO ratio are important
parameters determining membranotropic properties and the
ability of amphiphilic polymers to form micelles [64]. The
authors compared properties of nanogels with PEG substituted
for hydrophilic Pluronic® F68 or F127 (BASF AG), and the
more lipophilic P85 [65]. Nanogels NG(P85), NG(F68) and
NG(F127) consisted of lipophilic PPO segments of similar
sizes, and the hydrophilic components and total molecular
weights increase in the order listed. All the amphiphilic
nanogels demonstrated a 40 – 170% higher degree of cellular
binding compared with PEG-based nanogel NG(PEG)
(Table 1). At the same time, no decrease in water-solubility was
noted for all Pluronic-based nanogels. Evidently, these
amphiphilic nanogels may represent a valuable alternative to
NG(PEG) as drug delivery vehicles. NG(F68) was one of the
best binding nanogels, probably because of an optimal balance
between the sizes of PPO and PEO segments. Besides, Pluronic
F68 has an excellent toxicity profile, and under the name of
Poloxamer 188, is approved for human applications.

4.4   Surface modification by targeting moieties 
(vectorisation)
Targeted nanosized drug carriers could be thought of as
microscopic pills delivered directly to disease-affected sites
(organs, tumours or cancer metastases). The most effective

Table 1. Comparison of hydrodynamic diameter, cytotoxicity and cellular binding of nanogels with regular and 
biodegradable networks (NG and NGss, respectively).

Nanogel (NG)* Nanogel 
diameter (nm)

Diameter of 
NTP-loaded nanogel 
(nm)

Cytotoxicity,
(IC50, µg/ml)‡

Cell binding,
(µg/mg protein§)

NG (PEG) 152 ± 6 84 ± 3 70 18 ± 1.5

NG (PEGss) 100 ± 8 n.d. 250 n.d.

NG (F127) 132 ± 4 69 ± 1 80 27.3 ± 0.9

NG (F127ss) 187 ± 6 n.d. 190 n.d.

NG (F68) 176 ± 4 74 ± 0.5 95 37.5 ± 1.5

NG(F68ss) 120 ± 5 58 ± 2 250 n.d.

NG(P85) 270 ± 3 144 ± 4 25 34.5 ± 0.7

NG (P85ss) 99 ± 7 n.d. 170 n.d.

NG (P123) 102 ± 1 69 ± 0.5 30 48.7 ± 1.3

NG (P123ss) 75 ± 8 n.d. 130 n.d.

PEI 25 kDa n/a n/a 5 n/a

PEIss n/a n/a 36 n/a

* All nanogels have the same PEI content 25% (wt). 
‡ Based on MTT assay after 24h-incubation of ATP-loaded nanogels with human breast carcinoma MCF-7 cells. 
§ Measured for ATP-loaded rhodamine-labelled nanogels following 4 h incubation with MCF-7 cells. 
PEG: Polyethylene glycol; PEI: Polyethylenimine; n.d.: Not determined; NTP: Nucleoside 5´ -triphosphate.
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method is to inject/infuse dispersion of these targeted
drug-loaded particles into the bloodstream. Drug-loaded
nanogel carriers, sized ∼ 100 nm, are able to reach the smallest
capillaries, and consequently accumulate in the sites with a
high density of targeted receptors. An optimal drug delivery
system will show a reduced level of interaction with serum
proteins, extended circulation time and optimised renal
clearance. All these requirements have been met by
PEG-covered (stealth) liposomes with sizes 100 – 200 nm [66].
When comparing nanogels with stealth liposomes,  many
common properties can be observed. Preliminary data on the
in vivo biodistribution of nanogels have shown that these
carriers have a shorter plasma half-life than stealth liposomes,
although they have a longer half-life than the previously
described nanoparticles. Nanogels can also be optimised for

prolonged blood circulation in terms of particle size and PEG
coverage; factors extensively studied previously for other
cationic micellar systems [67-69].

Previously, a preparation of biotinylated nanogel that could
be modified via streptavidin by biotinylated targeting ligands
(e.g., transferrin or insulin) was described [70]. Using these
ligands, a significant enhancement of the BBB permeability
for nucleotide drug-loaded carriers was recently observed in
bovine brain microvessel endothelial cell monolayers, a
cellular model of the BBB. Transferrin and insulin were nearly
equal in potency, demonstrating a two-fold increase in the
transcellular transport of protein-conjugated nanogels versus
non-vectorised nanogel, or even a 12-fold increase compared
to the free oligonucleotide. Nanogel by itself markedly
increased systemic drug transport and brain accumulation of
anionic oligonucleotides, which usually crosses the BBB
poorly, in a mouse model. A small residual positive charge of
the carrier resulted in anapproximately 10-fold increase of
brain/plasma ratio for an intravenously injected drug-loaded
nanogel, compared with free oligonucleotide. Although this
system has demonstrated the targeting efficacy of nanogels,
complications associated with slow aggregation of the nanogel
avidin constructs made the authors overlook alternative
targeting approaches. Recently, various chemical approaches
for covalent attachment of targeting ligands to the nanogel
surface have been developed. These include:
• Modification of the nanogel surface with folate moieties;

polymetacrylate microgels modified with folate moieties
demonstrated an increased and selective cellular uptake in
cancer cell lines overexpressing folate receptors [71]. As a
proof of principle, folate-vectorised nanogels were obtained
and loaded with a fludarabine 5′-triphosphate. These
vectorised carriers demonstrated a significant increase in
transport of the NTP across Caco-2 cell monolayers, a
cellular model of the gastro intestinal tract, compared with
non-vectorised nanogels [44]. However, not all folate
moieties could be equally available as part of them would
remain hidden in the interior of nanogel network. To
reduce problems associated with folate accessibility for
cellular folate receptors, an insertion of a polymer linker
between the folate moiety and drug carrier was deemed as
the necessary way to expose the vector [72,73]. A simple
modification of 5 – 10% of primary amino groups in
nanogel can be performed using bis-amino-PEG and folic
acid, activated by water-soluble carbodiimide. Our
preliminary data demonstrated an approximate 10-fold
increase of binding for the folate-modified Nanogel
compared to the initial carrier (Figure 6). These
folate-PEG-nanogels are now under evaluation for drug
delivery in various cellular models.

• Nanogel modification with targeting proteins; a limited
amount of amino acid groups in the protein were initially
converted by reaction with 2-iminothiolane (Trout’s reagent)
into thiol groups. Then, the nanogel was modified by a PEG
linker flanked with N-hydroxysuccinimide and maleimide

Figure 6. Binding of vectorized nanogels with cancer cells.
Human breast carcinoma MCF-7 cells were treated with
rhodamine-labeled nanogel, NG(PEG), and its folate-vectorized,
F-NG(PEG), or human transferrin-vectorized, Tf-NG(PEG) derivatives,
loaded with model drug ATP. Nanogel uptake was calculated based
on the fluorescence associated with the cells and calibration curves
for separate rhodamine-labeled carriers. 
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moieties. Finally, conjugation between thiolated protein and
maleimide-PEG-nanogels yielded vectorised nanogels carrying
4 – 12 protein molecules per particle. Due to protein size,
most vector molecules do not penetrate the nanogel network
and are located on the surface, allowing for easy access to
cellular receptors [74]. The authors have demonstrated that
transferrin-modified nanogels are extremely more efficient in
binding with cancer cells than non-modified nanogels
(Figure 6). This fact, together with an approximate
hundred-fold increase of transfection efficacy for trans-
ferrin-modified nanogel versus non-modified nanogel,
observed in cultured cancer cells, confirmed the significant
potential of targeted nanogels for drug delivery and improve-
ment of chemotherapy (manuscript in preparation).

• Vectorisation of the nanogel surface with multiple peptide
ligands; vectorisation of nanogel with homing or other
receptor-specific small peptides may provide an efficient
targeting of the carrier and drug release in metastases or
tumours, at the same time maintaining a low level of free drug
in circulation [63]. Initially, a bifunctional PEG linker was used
to modify a fraction of amino groups in the nanogel. The
second moiety on the linker was thiol-specific, and could react
with synthetic peptide C-amides carrying terminal cysteine
residues. Tumour-specific, epithelial growth factor
receptor-binding peptides [75], several brain-specific homing
peptides [76], and other peptides were conjugated to nanogels
in amounts of 40 – 90 molecules per particle using this
synthetic approach [59]. The author’s preliminary in vivo data
demonstrated statistically significant increases of accumulation
of nanogels targeted with selected peptides in murine breast
tumour or brain, correspondingly (Figure 7). Other targeting
peptides in linear and cyclic form, and postsynthetic
modification procedures intended to ameliorate the bio-
distribution profiles of drug-loaded, targeted nanogels are now
under investigation.

5. Conclusion

In conclusion, nanogel carriers offer considerable potential for
development of stable pharmaceutical formulations and
organ/tissue specific delivery of activated nucleoside analogs
in their phosphorylated form. Formulations of nanogels with
nucleotide 5′-triphosphates described here represent a
therapeutic formulation with unique properties, including
high drug loading, prolonged storage stability, lyophilisable
and well-soluble drug form, injectability, circulation safety
and controllable biodistribution pattern. However, several
obscure areas exist, which have not been satisfactorily studied
to draw definitive conclusions about the pros and cons of
nanogel. Perhaps serious modification of the cationic element
of nanogels is required before these carriers could be
considered safe for therapeutic application. Nevertheless, this
review has clearly shown that additional structural
optimisation of nanogel and introduction of receptor-specific
targeting moieties on the surface of the carrier is a promising
way to obtain drug delivery systems with advanced properties,
and may overcome many side effects of regular drugs in
human chemotherapy.

6.   Expert opinion

Evidently, the progress in chemical design and development of
nucleoside analogs and their prodrugs will continue.
However, the major shortcoming of these drugs (i.e., lack of
targeting capabilities) cannot be avoided. Introduction of
miniature drug delivery vehicles that are capable of easily
navigating inside the body is just a matter of time away, and
should be considered a mainstream way of continuing nano-
medicine progress. The nanogel drug carrier, with its unique
ability to upload NTP, convenience of freeze-dried
formulations, opportunity for targeting tissues of interest and

Figure 7. Selected biodistribution of non-modified and multiple peptides-modified nanogels. Tritium-labeled nanogel, NG(PEG),
and its derivatives modified with tumour-specific peptide, (EP-NG), or brain-specific peptide, (BP-NG), were loaded with model NTP drug,
and intravenously injected in mice with L66-murine breast carcinoma. Organ/tumour accumulation was measured 4 h post-injection and
expressed as a percentage of the injected dose (% ID).
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capability for triggered drug release, is clearly one of few
delivery systems that can be considered as a first-generation
nanomedicine device. Future developments of the nanogel
drug delivery system are required in order to include features
that could optimise biodistribution, degradation pattern,
component toxicity and manufacturing variance of nanogels
in combination with nucleoside analogs. In all these
developmental goals, the nanogel delivery system reflects the
same limitations, and faces the same challenges that were
encountered by a great number of other polymeric drug
carriers, and that are common for nanoparticles in general. To
address these issues, several key problems should first
be solved.

The first important obstacle is associated with systemic
administration and fast disappearance of nanoparticles from the
bloodstream due to RES/macrophage uptake. Surface binding of
plasma proteins (opsonisation) is the first step to macrophage
recognition of exogenous nanoparticles. Following NTP drug
loading, the nanogel network forms a neutral polymer envelope
of laterally stabilised PEG loops around the core containing the
complexed drug. A simple increase of PEG to PEI ratio in
nanogels can suppress the entrapment of the carrier in
RES-related organs. Systemic in vivo studies and evaluation of
circulation parameters of nanogels with chemically engineered
surfaces (PEG, carbohydrates and short peptides) are now
in progress.

The second problem is associated with biodegradation of
nanogels and concerns two major issues: systemic toxicity and
efficient drug release. Evidently, products of degradation of drug
delivery systems can add to the toxicity of a drug formulation on
the whole, and so should be accounted for. Major products of
nanogel degradation, PEG/Pluronic-g-PEI conjugates were
shown to be hundreds of times less toxic than corresponding
PEI molecules. Also these molecules are < 40 kDa in size, which
is considered an upper limit for fast renal exclusion of different
compounds.  Nanogels with reducible bonds will also provide a
faster intracellular drug release over a short time period, and will
offer an enhanced therapeutic effect compared with
conventional biodegradable carriers, which have drug release
kinetics measuring several weeks.

The third problem is directly associated with a search for an
alternative to PEI. Recently, several new polymers that are less
toxic and have similar properties as PEI have been
suggested [61,62]. Several new candidates for nanogel synthesis will
be assayed shortly by in vitro toxicological tests.

The fourth issue of manufacturing variance is the most
complicated one. Surely, one cannot avoid polydispersity
of polymers, and real characteristics of nanogels are only
possible within a certain range. However, state-of-the-art
chemical procedures allow us to obtain reproducible
polymer to polymer ratios, mass yields, particle-size ranges
and drug loading. Polydispersity of nanogels could be
reduced by using either narrow fractionation or advanced
polymerisation methods. Regulatory issues will necessarily
be changed with further introduction of novel polymer
therapeutics, so that proper characterisation methods
and parameters of polymer drug delivery systems will
be developed.

It is clear that the field of nanomedical applications and
nanoparticulate drug delivery approaches will expand
tremendously in the near future [19]. Nanogel-drug formulations
will be further evaluated in application to other drug delivery
routes, such as oral, aerosolic or transdermal administration. A
promising application for nanogel-encapsulated NTP is aerosolic
pulmonary drug delivery. In this mode of administration, the
fastest and most direct drug delivery can be achieved, especially
for the treatment of lung cancer and pulmonary infections such
as influenza, which are increasing worldwide. Aerosolic
drug-loaded nanogel particles can be easily administered deep
into the lungs at first signs of infection. This timely treatment
will save the airway epithelium from rapid degradation and
development of severe secondary infections.

Specific targeted nanogels will be developed as soon as
novel receptors and ligands are discovered in the
disease/virus-affected tissues and organs. On the other hand,
strong metal-chelating properties of nanogels can provide
additional modalities in post-synthetic modifications of the
carriers for diagnostic and therapeutic purposes (e.g.,
PET/SPECT scans or radionuclide treatments) [44].
Subsequent research will reveal the actual potential of
nanogels and nanogel formulations with nucleoside analogs
in achieving more complex aims associated with methodical
preclinical studies.
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