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Antibacterial Nanoparticles Based on Fluorescent
3-Substituted Uridine Analogue
E. Ramanjaneya Reddy,[a] Abdul M Yaseen,[b] Arshad Rizvi,[c] Girdhar S. Deora,[d]

Sharmistha Banerjee,[c] Aarti Sevilimedu,*[b] and Marina Rajadurai*[a]

With a sudden and rapid increase in the spread of antimicrobial
resistance, there is an urgent need for the development of
novel antimicrobial therapies. Nanoparticles with antimicrobial
activity provide advantages such as improved solubility,
permeability, stability and selectivity. In this study, a uridine-
scaffold was connected to a pyrene fluorescent unit to obtain
novel compound UPy via an economical and straightforward
route. Further, fluorescent organic nanoparticles (FONs) were
prepared via self assembly of UPy and were found to have
antibacterial activity towards Gram positive bacteria. The
fluorescent nature of the FONs allowed us to identify a binding
partner and propose mechanism of action in vivo. We believe
that UPy can be an excellent starting point for the develop-
ment of novel, potent and selective antimicrobial nanother-
apeutics.

Organic fluorophores based on small molecules are powerful
visualization tools of biological events in living cells and
organisms. Their diversity, ease of synthesis, good colour
tunability and high quantum yields are definite advantages for
both bio-medical and biological research. Conversion of these
fluorescent organic molecules into fluorescent organic nano-
particles (FONs) confers additional advantages such as im-
proved biocompatibility and cell permeability, increased photo-

bleaching threshold, higher quantum yields and improved
signal to noise ratio.[1, 2]

In the past several decades, the widespread and indiscrimi-
nate use of antibiotics, combined with the immense adapt-
ability of bacterial species has increased the selective pressure
on the emergence of efficient resistance mechanisms to every
known class of antibiotics.[2, 3]Therefore, there is an urgent need
for renewed discovery efforts to identify novel antibiotics,
especially scaffolds for which resistance is not easily acquired.
One approach to slow down the emergence of bacterial
resistance is to limit exposure by developing antibiotics that
are selective and narrow-spectrum (affecting only specific
families of bacteria). While most effective antimicrobial com-
pounds target conserved cellular processes and so are broad-
spectrum, they can be made selective by modifying other
features such as cell-permeability.

DNA replication is a key cellular process and is a potential
target for novel antimicrobials. Several classes of antibiotics
that are in the clinic today, target enzymes involved in bacterial
DNA replication, however very few directly target the DNA
polymerase domain of the bacterial polymerases.The building
blocks of DNA and RNA - nucleoside bases - with their
outstanding ability to self-assemble via Watson-Crick interac-
tions were inspirational for designing numerous biologically
active compounds. Nucleoside derivatives are known to act as
effective broad spectrum anti-bacterials3, anti-virals4, anti-
malarials5, and anti-cancer agents.6 Combining the nucleoside
scaffold with a fluorescent hydrophobic unit should generate a
combination of the hydrophilic and hydrophobic moieties,
leading to a potent molecule with increased selective perme-
ability through the bacterial cell wall. In addition, the
fluorescent unit will provide permeability and localization
information and also shed light on the mechanism of action.

Thus, we designed a novel chemical entity, UPy by
combining a nucleoside derivative (uridine) and a
supramolecular fluorescent unit (pyrene, Py) connected by an
alkyl linker. Conversion of this molecule into nanoparticle form
increased its water solubility and thus improved its perme-
ability and bioavailability. In this study, we report the
antibacterial properties of the fluorescent nanoparticles UPy
and demonstrate its application in bio-imaging.

Fluorescent uridine derivative was synthesized through a
simple route from inexpensive starting materials: uridine and
pyrene (Scheme 1). Fluorescent intermediate compound 2 was
synthesized according to Scheme 1A. In the first step, selective
mono-bromination of pyrene with one equivalent of N-
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bromosuccinimide in the presence of anhydrous dimethylfor-
mamide gave compound 1 in 52 % yield,[8] which was
subsequently lithiated using n-BuLi, followed by treating it
with1,6-dibromo hexane to isolatecompound 2 in 21 % yield.[9]

Such low yield can be explained by the formation of dimeric
form of this compound: (1,6-di(pyren-1-yl)hexane). Fluorescent
3-substituted uridine analogue UPy was prepared as outlined in
Scheme 1B. At first, acetonide protection of commercially
available uridine with 2,2’-dimethoxy propane in dry acetone
formed compound 3 in 90 % yield.[10] N-alkylation of protected
uridine 3 with 1 equivalent of compound 2in the presence of
anhydrous potassium carbonate gave compound 4 in good
yield (92 %). Disappearance of N�H peak at 11.26 ppm and
appearance of peak at N-CH2 at 3.76 ppm in the 1H NMR
spectrum confirmed successful alkylation reaction. In the final-
step, deprotection of compound 4 with p-toluenesulfonic acid
(PTSA) provided target compound UPy in 85 % yield. 1H NMR
spectroscopy confirmed the absence of methyl groups from
the acetonide protection at 1.25 ppm and 1.46 ppm after
formation of free hydroxyl groups.

This effortless synthesis allowed us to obtain an effective
anti-microbial (as demonstrated below) in just three steps.
Moreover, all synthetic steps were performed in mild conditions
at room temperature, avoiding expensive / rare reagents. Such
synthetic sequences are in high demand in view of the
emphasis on the development of cost-effective and environ-
mentally benign processes.

Since final compound UPy has a fluorescent tag in the
scaffold, we estimated its photo-physical properties. UPy
displayed absorbance maxima at 329 nm and 346 nm (c ~10�5

M; DMSO solution); the emission maxima were observed at lem

= 363 and 384 nm (Supplementary Figure S1) with 18 nm
Stokes shift. The quantum yield of UPy was 0.20 (with respect

to quinine sulphate). The UPy compound was stable as
indicated by the intact optical propertiesof the solution even
after six months of storage at 58C. As UPy is not soluble in
water, the solutions for biological studies were prepared in
biocompatible solvent mixture: DMSO/water = 2/98%. For this,
compound UPy was dissolved in DMSO followed by rapid
injection of the solution in water. Usually, such protocol leads
to formation of nano / micro scale UPy aggregates. Tyndall
scattering experiment of the UPy-containing solutions (100 %
DMSO and 2 % DMSO/98 % water) displayed no scattering in
100 % DMSO (Figure 1 A), whereas a well pronounced scatter-

ing was observed at 2 % DMSO solution (Figure 1B). The Tyndall
scattering test is used to distinguish between true and colloidal
solutions, as in latter case the scattering of light is mainly by
particles in the colloidal solution/ fine suspension. Light
scattering in DMSO-water mixture in our case indicates
formation of solution stable nanoparticles. In order to inves-
tigate the morphology and size of the UPy aggregates,
Scanning Electron Microscope (SEM) and Atomic Force Micro-
scope (AFM) investigations were performed in a biocompatible
solvent mixture [DMSO/H2O (2:98)]. As expected, both SEM and
AFM analysis revealed that UPy exists in the form of nano-
crystals with uniform size (Figure 1C, D). Noncontact-mode
AFM image profile analysis showed that the nanoparticles

Scheme 1. Fluorescent 3-substituted uridine analogue UPy.Reagents and
conditions: a) NBS, DMF, RT, 24 h, 52 %; b) n-BuLi, 1,6-dibromo hexane, THF,
2 h, 70 8C, 21 %; c) 2,2’-dimethoxy propane, acetone, RT, 4 h, 90 %; d) K2CO3,
2, DMF, RT, 2 h, 92 %; e) PTSA, MeOH, RT, 12 h, 85 %.

Figure 1. A)NoTyndall scattering of light observed in pureDMSO solution; B)
Tyndall scattering of light observed in 2 % DMSO solution;C,D) SEM micro-
graphs of UPy obtained in DMSO/H2O (2:98); E) non-contact mode AFM
image of nanocrystals of UPy; F) height and length of selected nanocrystals
shown in (E) as a white line.
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average size varied in range of 150–250 nm (width) and 90–
100 nm (height), as shown in Figure 1E, F. Importantly, the
obtained size range of the nanoparticles is small enough to
penetrate into micro organisms.[11]

The 1H NMR titration studies of UPy solution in DMSO-d6

with D2O (Figure 2) showed an up-field chemical shift and peak

broadening of the Cpyrene-H aromatic protons. Similarly, shield-
ing of the 1’-C�H, 5-C�H and 5’-CH2 protons of the uridine
fragment was observed. This data along with Tyndall scattering,
supports the aggregation behaviour of UPy molecules via
supramolecular interactions.Unlike nanoparticles based on
purine-pyrenemolecules, reported from our group previously,[12]

the formation of solution stable nanoparticles in this case is
driven not only by the intermolecular Py�Py p-p stacking (~3.4
�) mediated self-assembly of UPy, but also by the intermolecu-
lar interactions of the uridine moiety (as indicated by the
1H NMR shift of the uridine fragment protons). An analysis of
the rapidly growing database of three-dimentional high
resolution DNA and RNA structures suggests high diversity of
intramolecular interactions other than canonical Watson-Crick
interactions. Non-Watson-Crick pairs compilation appear for the
first time in 1980s.[13] Later, comprehensive analysis of possible
interactions in three-dimentional structural elements of RNA
was published by N. Leontis et al.[14] Based on these studies and
our data we propose intermolecular interactions of the uridine
moiety via formation of uridine-uridine (U�U) cis Hoogsteen/
sugar edge pairs, U�U trans Watson-Crick/sugar edge pairs and
U�U trans sugar edge / sugar edge pairs (Supplementary
Figure S2). We also suggest Py�U p- pstacking and C�H···p
interactions between pyrene and uridine moieties along with
classical Py�Py p- p stacking interactions.

We evaluated the antibacterial property of UPy nano-
particles against five bacterial species, namely, Bacillus lichen-

iformis (B.l.), Escherichia coli (E.c.), Serratia marcenses (S.m),Paeni-
bacillus elgii (P.e) and Mycobacterium tuberculosis (M.tb).
Minimum Inhibitory Concentration (MIC) is the lowest concen-
tration of a tested chemical that inhibits visible bacterial
growth, and is a common research tool to determine the
in vitro activity of new antimicrobials.In a standard assay for
determination of MIC,[15] UPy exhibited toxicity to B.l., with the
MIC value of 15.6 mM (Figure 3 and Supplementary Figure S3a).

Additionally, UPy was also toxic to M.tb, with an MIC of > 125
mM (Supplementary Figure S3b) with negligible host cell
toxicity at the same concentration range. Fluorescent nature of
UPy allowed us to perform in vivo bio-imaging studies, using
confocal fluorescence microscopy. We observed that in the
case of B.l. (Gram positive bacteria), UPy was able to enter and
stain the cytoplasm of the majority of the bacterial cells
(Figure 4). On the other hand, in the case of E.c. (Gram negative
bacteria), UPy was localized only on the cell membrane, and
very few cells were stained (Figure 4). Perhaps, the selectivity in
antimicrobial activity of UPy could stem from its differential
permeability among these bacteria.

Structurally, UPy is a nucleoside derivative. Therefore, we
explored the idea that this compound mediates toxicity by
interfering with cellular processes that use nucleosides or
nucleotides, such as DNA or RNA synthesis and/or processing.-
First, we checked if UPy was able to bind single or double
stranded DNA and found that it was unable to do so (data not
shown). Next, we investigated the effect of UPy on enzyme
families that are known to bind and utilize nucleotides. We
picked representatives of a DNA-dependent DNA Polymerase
(Taq DNA Pol), RNA-dependent DNA polymerase (MMLV
Reverse transcriptase) and DNA-dependent RNA Polymerase
(T7 RNA Polymerase). While UPy did not inhibit the activity of
either of the latter two (Supplementary Figures S4, 5), it was
able to inhibit the activity of the DNA Polymerase enzyme (Taq
DNA Pol). We explored further the effect of UPy on DNA
polymerase using the Polymerase chain reaction (PCR) experi-
ment as a simple in vitro assay. PCR is a standard method for
amplification of DNA in vitro, using dNTPs as the building

Figure 2. The observed upfield chemical shifts of compound UPyC2-pyrene
protons, 1’C�H, 5-C�H and 5’-C�H protons of the uridine in 1H NMR spectra
(DMSO) upon addition of D2O (0, 10, 20 and 30 %).

Figure 3. Toxicity studies on various bacterial species using UPy nano-
particles.
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blocks and the enzyme, such as Taq DNA Pol. We performed
PCR reaction in the presence of varying concentrations of UPy
and analyzed PCR efficiency by agarose gel electrophoresis of
the DNA product. We found that at concentrations 0.2�1 mM
compound UPy shows complete PCR inhibition (Supplementary
Figures S6, 7) as evidenced by reduced DNA product in these
lanes. Moreover, each individual component of the compound
(uridine, pyrene - linker, pyrene and linker alone) on its own
was unable to inhibit PCR and DNA polymerase activity as well
as UPy itself (Supplementary Figure S8).

We then used the fluorescent nature of UPy nanoparticles
to investigate whether there is a direct binding interaction with
the DNA Polymerase enzyme, and made an interesting
observation. Although in a biologically compatible 2 %DMSO/
water solution (used for the biological experiments)
fluorescence intensity of UPy decreased significantly (in
comparison with pure DMSO solution, Supplementary Fig-
ure S9), UPy exhibited bright fluorescence upon interaction
with Taq DNA Pol enzyme during agarose gel electrophoresis
(Figures 5 and S9). We examined the UPy - Taq DNA Pol
solutions of different concentrations, and found that emission
maxima for both bands were still observed at the same
positions (lem = 363 and 384 nm), but a new very broad red-
shifted band appeared with maxima at lem = ~480 nm. Such
changes might be associated with pyrene excimer formation
(excited-state dimer[16–18]).We have previously observed such an

effect with structurally similar pyrene-based guanine ana-
logues.[12] Moreover, the intensity of the red-shifted fluorescent
band increased upon addition of the Taq DNA Pol in
concentration-dependent manner (at constant concentration of
UPy). The increase was about three folds in the presence of the
enzyme at 10.5 nM, and reached 25 folds increase at 87.5 nM of
the enzyme, although enzyme alone does not exhibit signifi-
cant fluorescence at the same wavelengths.The emission bands
in all cases have broad and structure-less features, characteristic
of intermolecular exciplex emission, similar to exciplex
fluorescence observed for pyrene-bipyridine complexes.[19, 20]In
this case, exciplex likely forms between pyrene moiety of UPy
and phenylalanine unit in Taq DNA Pol active site. This result is
in good agreement with the molecular docking study, which
reveals strong binding interactions between UPy and TAQ DNA
polymerase I and polymerase III (Supplimentary Figure S10); the
molecule is well occupied by the binding site pocket of the
enzymes. The glide score and contributing parameters for Pol I
and III are given in Table S1. Taken together, the in-gel excimer
formation and the docking study provide strong proof of a
direct binding of UPy to DNA Polymerase enzyme. In the in vivo
context, such a binding and DNA Polymerase enzyme inhibition
in bacterial cells could be the basis of UPy’s antimicrobial
activity.

In conclusion, we have obtained fluorescent uridine-based
derivative UPy via an economical and straightforward route.

Figure 4. Confocal fluorescent microscopy images of E.c. and B. l. stained with UPy nanoparticles (lex = 350 nm): transmitted light image; fluorescence light
image (taken under DAPI channel) and overlaid fluorescence and transmitted light images.

Communications

560ChemistrySelect 2017, 2, 557 – 561 � 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Synthesis of an effective anti-microbial in just three steps in
mild conditions makes this method a cost-effective and
environmentally friendly process, which is the need of the hour.
Self-assembly of UPy is mediated bythe intermolecular inter-
actions of the uridine moiety and pyrene-pyrene p-p stacking,
which resulted in the formation of solution stable nanoparticles
with uniform shape and size of ca. 200 nm. We have
demonstrated that UPy nanoparticles exhibit selective anti-
bacterial properties against gram-positive bacteria (B.l.) and
M.tb. We have also shown that UPy is able to inhibit the
enzymatic activity of a representative DNA Polymerase in vitro.
Using the fluorescent properties of UPy we were able to
demonstrate that a) selectivity among different bacteria arises
from differential permeability of UPy nanoparticles and b) a
direct binding interaction between the DNA Polymerase and
UPy via exciplex formation. Thus, the fluorescent nature of the
compound allowed us to suggest a mechanism of action which
would not be possible otherwise. We believe that UPy can be
an excellent starting point for the development of a class of
potent, selective antimicrobial compounds, that act through a
direct and specific inhibition of DNA Polymerase enzyme
families in Gram positive bacteria. We are planning to develop
a series of UPy derivatives in order to improve the potency of
its antimicrobial activity, while focusing on retaining a high

degree of selectivity between bacterial species, which is the
unique strength of UPy.
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Figure 5. A) Agarose gel electrophoresis of compound UPy in the presence
of Taq DNA Pol enzyme and BSA; B) fluorescence emission spectra of
compound UPy(40 mM) in presence of Taq DNA Pol enzyme (at various
concentrations).
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