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A targetable nanogenerator of nitric oxide for light-
triggered cytotoxicity†

Liu Yang, Shuqi Wu, Bijuan Lin, Tianxun Huang, Xiaoping Chen, Xiaomei Yan
and Shoufa Han*

Nanoscale-vesicles that can target pathogens are valuable for biomedical applications. In this study, a

photo-responsive nanogenerator of nitric oxide (NO) comprised of a hydrophobic core of 3-

trifluoromethyl-4-nitroaniline (TFNA) and a hydrophilic shell of mannosylated poly[styrene-alter-(maleic

acid)] was constructed to target and kill lectin-expressing cells. The release of NO from the

nanogenerator (T@P-M) was effectively induced by luminol-derived chemiluminescence (CL), leading to

high-efficiency killing of Escherichia coli (E. coli) treated with T@P-M. In addition, the uptake of T@P-M

by Raw 264.7 macrophages was achieved by cell surface lectin-mediated endocytosis, enabling the

intracellular release of NO from the internalized T@P-M upon the induction of extracellular

chemiluminescence. Because in vivo-generated CL can overcome the limited penetration of exogenous

light into biological tissues, T@P-M has potential uses as a targetable photo-activatable microbicide to

combat pathogens bearing lectins or residing in macrophages.
Introduction

Pathogens threaten human health in various ways, including
infections and food contamination. With the rise of antibiotic
resistance, alternative approaches to target andkill pathogens are
highly valuable. Biogenic nitric oxide (NO) is harnessed by host
immune systems to combat various invading pathogens.1 In
addition, NO is a cell signalingmolecule that mediates a number
of biological events, such as inammation and wound healing.2

The myriad biological roles of NO have stimulated enormous
interest in developingNO-releasing systems that could be used to
target pathogens or dened physio-pathological sites.3 The
graing of NO donors to nano-scaffolds is an attractive approach
to construct novel NO-releasing systems. NO donors such as
cts of T@P-M. Lectin–glycan interactions
erated from the photo-activatable core.
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diazeniumdiolates and S-nitrosothiols have been integrated into
diverse carriers ranging fromproteins anddendrimers to silica.3,4

However, sophisticated procedures are oenneeded tominimize
premature NO release from the resultant vehicles in biological
settings due to the inherent instability of theNOdonors resulting
from autolysis, liability to acidic pH, or trans-S-nitrosation.5

Furthermore, it is difficult to construct stableNOdelivery systems
capable of targeting selected cell types in a biological context.

Light is non-invasive and can be used to trigger the release of
therapeutics in a spatiotemporally controlled manner. Apart
from a few examples,4e the existing photo-responsive systems
for NO release typically require the use of UV-vis light, which
has limited penetration into biological tissues.3,4 Chem-
iluminescence (CL) is biocompatible and could be generated
within biological systems. Inspired by the potential of CL to
overcome the limited penetration of exogenous light into bio-
logical tissues, we constructed a CL-responsive and targetable
nanogenerator of NO (T@P-M) that is comprised of a hydro-
phobic core of 3-triuoromethyl-4-nitroaniline (TFNA) and a
hydrophilic shell of poly(styrene-alter-maleic acid) with multi-
valent mannose moieties. Cytotoxicity to lectin-expressing cells
is achieved via CL-triggered NO release from TFNA encapsu-
lated in T@P-M, which selectively binds E. coli or macrophages
via multivalent cell surface lectin–glycan interactions (Fig. 1).
Results and discussion
Construction and characterization of T@P-M

Because NO-releasing systems that can be enriched at dened
biological sites have not been extensively investigated, we
J. Mater. Chem. B, 2013, 1, 6115–6122 | 6115
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Fig. 2 CRET from the luminol-derived CL to T@P-M. (A) Absorption spectra of
T@P-M and TFNA in PBS and the CL spectrum of luminol-derived CL in PBS. (B) CL
emission intensity in PBS containing various concentrations of T@P-M. CL was
triggered by the addition of H2O2 to PBS containing luminol (0.5 mM), 4-iodo-
phenol (1 mM), and HRP (12 mg ml�1) to a final concentration of 0.4 mM.
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sought to fabricate a targetable nano-vector using chemically
glycosylated poly(styrene-alter-maleic acid) as the targetable
carrier of TFNA, which is a NO photo-donor with high chemical
stability under physiological conditions.6 It is noteworthy that
poly(styrene-alter-maleic acid) has low in vivo toxicity, and its
conjugate with neocarcinostatin has been marketed for the
treatment of hepatomas in Japan.7 Briey, poly(styrene-alter-
maleic anhydride) (MW 20 000) partially conjugated with a-1-
O-(20-aminoethyl)-D-mannopyranoside (AE-MAN)8 was fully
amidated with TFNA in dimethylformamide (DMF) in the
presence of triethylamine. The solution was extensively dia-
lyzed against distilled water and then sonicated to afford
T@P-M (Scheme 1). The infrared spectrum (IR) of lyophilized
T@P-M had the characteristic peaks of TFNA (3370 cm�1),
demonstrating the successful incorporation of TFNA into the
as-prepared T@P-M (Fig. S1, ESI†). Dynamic light scattering
analysis showed that the statistical mean diameter of T@P-M
dispersed in water was approximately 100 nm (Fig. 3). In
contrast, no nanoscale particles were identied in the solution
of mannosylated poly[styrene-alter-(maleic acid)], which was
devoid of TFNA moieties (Fig. S3, ESI†), implying that the
assembly of T@P-M into polymeric particles in aqueous solu-
tions originated from the hydrophobic interactions of the
pendant TFNA moieties.

Previously developed photo-responsive systems oen rely on
the use of external light for excitation.3a CL derived from
luminol/horseradish peroxidase (HRP)/H2O2 is biocompatible
and can be generated in the vicinity of acceptors in a biological
context, e.g., in wounds. To overcome the limited penetration of
exogenous light into biological specimens, luminol-derived CL
was employed as an internal molecular light source to activate
T@P-M. As shown in Fig. 2A, TFNA and T@P-M both exhibit
maximal absorption at 380 nm, which overlaps signicantly
with the light emission spectrum of CL, suggesting that CL
resonance energy transfer (CRET) to T@P-M is feasible. To
verify the CRET process, the luminol-derived CL intensity in
phosphate-buffered saline (PBS) spiked with various levels of
T@P-M was recorded, and the detected CL intensity decreased
Scheme 1 Construction of mannose-displaying T@P-M and CL-mediated NO
release from the encapsulated TFNA.

6116 | J. Mater. Chem. B, 2013, 1, 6115–6122
as a function of the T@P-M concentration, validating efficient
CRET to T@P-M (Fig. 2B).

Next, we sought to determine whether the absorption of CL-
generated light by T@P-M could result in effective NO release.
Because in situ-generated NO can be oxidized to nitrate by H2O2

in the assay solution, nitroreductase was added to the T@P-M
solution aer CL illumination to convert the nitrate into nitrite,
which was then quantitated using the Griess assay.9 The nitrite
concentration was 94 � 0.8 mM in the solution of T@P-M (8 mg
ml�1) aer 5 min of illumination. The level of nitrite produced
is an indicator of the efficiency of CL-mediated NO release from
T@P-M. Based on the quantity of TFNA encapsulated in T@P-M,
the release efficiency was estimated to be 18%. Compared with
previously developed systems,10 our system has enhanced CRET
Fig. 3 Dynamic light scattering analysis of T@P-M before and after illumination
with CL for 5 min in PBS.

This journal is ª The Royal Society of Chemistry 2013
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efficiency, presumably due to the broad overlap of the CL
spectrum (420 nm) with the absorption spectrum of T@P-M
(Fig. 2B). Dynamic light scattering analysis showed that the
mean diameter of T@P-M decreased markedly aer CL illumi-
nation (Fig. 3), presumably due to the conversion of TFNA into
hydrophilic phenolic products concomitant with NO release
(Scheme 1).
Interaction of T@P-M with lectin-expressing cells

Lectins, glycan-binding proteins, are oen expressed in unique
patterns by dened cell lines and infectious microorganisms.11

For instance, mannose-binding lectins are abundantly
expressed on the cell surfaces of E. coli and macrophages.12 As
cell surface protein–glycan interactions mediate a large number
of biological processes, e.g., viral and bacterial infections,
signicant efforts have been devoted to the development of
lectin-binding probes to inhibit infection by disrupting the
natural glycan–lectin interactions at the interface between host
cells and pathogens.13

To improve this strategy further, we employed lectin/T@P-M
interactions to enhance the local concentration of antibacterial
NO, the production of which from the cell-bound T@P-M could
be photo-induced. Shown to be responsive to CL, T@P-M was
evaluated to determine its ability to bind to E. coli. Confocal
microscopy analysis of E. coli incubated with uorescein-
labeled T@P-M revealed signicant uorescence from the cells.
In contrast, no uorescence signal was found from E. coli
treated with uorescein-labeled T@P that lacked the mannose
ligands (Fig. 4). The mannose-dependent staining of E. coli
conrmed the critical role of the mannose moieties of T@P-M
in the proposed glycan–lectin interactions.

The Raw 264.7 cell line is a mouse leukemic monocyte
macrophage cell line with abundant mannose-specic lectins
on the cell surface, and the CEM cell line is a T lymphocytic
leukemia cell line that lacks mannose-binding lectins.12d,12e To
determine if T@P-M could recognize lectins expressed on
mammalian cells, Raw 264.7 cells and CEM cells were
Fig. 4 Mannose-dependent binding of T@P-M to E. coli. E. coli were incubated
with fluorescein-labeled T@P-M (0.5 mg ml�1) or fluorescein-labeled
T@P (0.5 mgml�1) in PBS at 4 �C for 1 h. The cells were washed with cold PBS and
then visualized by fluorescence microscopy (lex@488 nm). Bar: 5 mm.

This journal is ª The Royal Society of Chemistry 2013
independently incubated with uorescein-labeled T@P-M for
1 h at 4 �C to prevent non-specic endocytosis and then visu-
alized by uorescence confocal microscopy. As shown in Fig. 5,
uorescein uorescence was clearly present on the periphery of
the Raw 264.7 cells, whereas no uorescence was observed on
the CEM cells.

In previous studies, small-molecule NO donors immobilized
on cationic scaffolds displayed enhanced antibacterial efficacy
relative to free NO donors.14 The improved antibacterial effects
are attributed to the higher local NO concentrations conferred
by the electrostatic interactions between the cationic scaffolds
and the negatively charged cell membrane.14 T@P-M exhibited
a zeta potential of �34 mV under physiological conditions due
to the presence of carboxylates (Fig. S2, ESI†). In contrast to
these cationic NO-releasing systems, T@P-M is anionic and is
anticipated to exhibit limited non-specic binding to lectin-
free mammalian cells. Consistent with this hypothesis, low
levels of T@P-M were observed on CEM cells (Fig. 5). The
staining of E. coli and macrophages demonstrated the effec-
tiveness of the targeting of cell surface mannose-binding lec-
tins by T@P-M.

Chemiluminescence triggered cytotoxicity of T@P-M on E. coli

Shown to bind cell-surface lectins, T@P-M was further evalu-
ated for its CL-mediated antibacterial effects. As shown in
Fig. 6, the viability of E. coli treated with T@P-M and CL
dramatically decreased, whereas the viability of the control
cells treated with T@P-M or CL remained largely unaffected,
demonstrating the CL-mediated bactericidal activity of T@P-M.
As expected, no detrimental effects on the cell viability were
observed for E. coli treated with T@P in the absence or pres-
ence of CL (Fig. 6). Staphyloccocus aureus is a Gram positive
pathogen and is devoid of cell surface mannose-binding lec-
tins. In contrast to the T@P-M dependent cytotoxicity to E. coli,
no obvious inuence could be identied on the viability of
Staphyloccocus aureus treated with or without T@P-M in the
presence of CL (Fig. S5, ESI†). Taken together, these results
demonstrate the essential role of mannose–lectin interactions
in the high specicity of the CL-mediated NO cytotoxicity to
targeted E. coli.
Fig. 5 Lectin-mediated binding of T@P-M to Raw 264.7 cells. Raw 264.7 cells
and CEM cells were incubated with fluorescein-labeled T@P-M (0.5 mg ml�1) at
4 �C for 1 h. The cells were rinsed with cold PBS to remove the unbound T@P-M
and then analyzed by confocal fluorescence microscopy (lex@488 nm). Bar: 5 mm.

J. Mater. Chem. B, 2013, 1, 6115–6122 | 6117
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Fig. 6 CL-mediated antibacterial effects of T@P-M. E. coli were incubated for
30 min in PBS alone or PBS spiked with T@P (8 mg ml�1) or T@P-M (8 mg ml�1)
and then illuminated with CL for 5 min. The cells were isolated and then cultured
in LB medium at 37 �C for 24 h. The OD600 values of these cell suspensions were
measured. (A). Alternatively, the treated cells were spread on agarose plates that
were then incubated at 37 �C overnight and photographed (B).
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Lectin mediated internalization of T@P-M into macrophages

To expand the therapeutic scope of T@P-M, uorescein-labeled
T@P-M was added to DMEM containing Raw 264.7 cells or
RPMI-1640 containing CEM cells. The cells were cultured at
37 �C for 2 h and then stained with LysoTracker Red in DMEM
or RPMI-1640 for 30 min. As shown in Fig. 7, no uorescein
uorescence was observed inside the CEM cells, whereas
intense uorescein signals were observed within the Raw 264.7
cells. The colocalization of the intracellular uorescein signals
with the signals for LysoTracker Red, which is a lysosome-
specic dye, indicates that T@P-M could be internalized into
the lysosomes of mammalian cells via cell surface lectin-medi-
ated endocytosis.
Fig. 7 Uptake of T@P-M by Raw 264.7 macrophages. CEM and Raw 264.7 cells
were incubated with fluorescein-labeled T@P-M (0.5 mg ml�1) for 2 h in DMEM
or RPMI-1640. The cells were washed with PBS, cultured in DMEM or RPMI-1640
at 37 �C for 2 h, and then stained with LysoTracker Red (1 mM) in DMEM or RPMI-
1640 for 30 min. The cells were analyzed by confocal fluorescence microscopy to
probe the intracellular distribution of T@P-M. The merge of LysoTracker Red
(shown in red) and T@P-M (shown in green) images demonstrated colocalization,
indicated by the yellow areas. Bars, 5 mm.

6118 | J. Mater. Chem. B, 2013, 1, 6115–6122
Chemiluminescence mediated intracellular NO release from
the internalized T@P-M in macrophages

To determine if T@P-M internalized by cells could be activated
by extracellular CL, Raw 264.7 cells and CEM cells pre-loaded
with T@P-M were stained with NO550, a uorogenic probe
specic for intracellular NO,15 and then exposed to CL or
sodium nitroprusside (SNP), which is a widely used NO donor in
cell biology studies. As expected, CEM cells and Raw 264.7 cells
stained with NO550 exhibited intense intracellular uorescence
in the presence of SNP (Fig. 8). As shown in Fig. 8A, no uo-
rescence was observed in CEM cells treated with T@P-M and
CL, suggesting that no detectable NO was photo-generated
within CEM cells, which is consistent with the aforementioned
observation that no T@P-M was internalized into CEM cells
(Fig. 7). In contrast to CEM cells, Raw 264.7 cells treated with
T@P-M and CL exhibited punctate uorescence, indicative of
extracellular CL-triggered NO release from the internalized
T@P-M. Taken together, the bioimaging studies indicate that
T@P-M can effectively bind to lectins on Raw 264.7 cells, can be
internalized into these cells by lectin-mediated endocytosis, and
can then be effectively activated by extracellular CL to produce
NO within cells.
Fig. 8 Imaging of NO released from T@P-M in Raw 264.7 cells. CEM and Raw
264.7 cells preloaded with T@P-M (8 mg ml�1) were washed with PBS and then
cultured in DMEM or RPMI-1640 spiked with NO-550 (20 mM) at 37 �C for 20 min.
The cellswerewashedand then incubated in PBS containing SNP (1mM) for 15min
or incubated for 5 min in PBS containing luminol (0.5 mM), 4-iodophenol (1 mM),
H2O2 (0.4 mM) and HRP (12 mg ml�1). The cells were isolated and then imaged by
fluorescence microscopy using an excitation wavelength of 476 nm.

This journal is ª The Royal Society of Chemistry 2013
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Aer CL-triggered NO release from T@P-M within Raw 264.7
cells had been demonstrated, the cytotoxicity of the intracellu-
larly released NO was determined by the MTT assay. As shown
in Fig. 9, the viability of Raw 264.7 cells treated with T@P-M was
94%, indicating that T@P-M has low cytotoxicity. Upon CL
illumination, the viability of Raw 264.7 cells loaded with T@P-M
decreased to 49%, whereas no effects were observed on CEM
cells under identical assay conditions, demonstrating that the
CL triggered NO production by the endocytosed T@P-M,
resulting in cytotoxicity. In separate experiments, no cytotox-
icity was observed for Raw 264.7 cells treated with TFNA, a small
molecular NO donor, in the absence or presence of CL. The
different toxic effects of T@P-M on CEM cells vs. Raw 264.7 cells
further validated the cell surface lectin-dependent cellular
uptake of T@P-M, which enabled CL-mediated cytotoxicity
resulting from NO released from the internalized T@P-M.

The broad spectrumbiocidal activity of NO has been ascribed
to oxidative stress, caused by NO or reactive nitrogen species
derived from NO, such as dinitrogen trioxide, to the targeted
cells.18 The oxidative stress alters the structures and functions of
proteins, DNA, cellmembranes, etc., leading to cytotoxicity ofNO
treated pathogens or cancer cells. As a highly reactive free
radical, NO is short lived anddiffuses over a short distance due to
the detoxication by off-target biomolecules. Therefore it is
critical to administer NO in the proximity of the downstream
targets. However, many systems use cationic vectors to electro-
statically bind anionic pathogens to give enhanced local
concentration ofNO.14The cationic nature of these systems leads
to compromised discrimination of pathogens from host cells. In
contrast, T@P-M is negatively charged and exhibits minimal
binding to lectin-negative host cells due to Coulombic repulsion
with anionic cell surface constituents. The recruitment of T@P-
Mby lectins located on the target cells enables local release ofNO
upon light activation, which underlies the observed efficient
killing of E. coli and macrophages.

In nature, macrophages capture and deliver pathogens into
lysosomes for degradation. However, a number of pathogens,
such as Mycobacterium tuberculosis, can effectively escape this
pathway and replicate within macrophages in human hosts.
The moderate cytotoxicity of T@P-M to Raw 264.7 cells suggests
that T@P-Mmay have potential uses in combating macrophage-
Fig. 9 CL-mediated cytotoxicity of T@P-M to Raw 264.7 cells. CEM cells and Raw
264.7 cells were cultured in RPMI-1640 or DMEM containing TFNA (0.52 mM) or
T@P-M (8 mg ml�1, with the same level of TFNA) for 20 min. The cells were
washed and then subjected to CL for 5 min. The viability of the treated cells was
determined by the MTT assay.

This journal is ª The Royal Society of Chemistry 2013
residing pathogens through the cell surface lectin-mediated
enrichment of T@P-M in macrophages. In this system, the
desired levels of intracellular NO might be achieved by the
introduction of appropriate levels of T@P-M.

Conclusions

T@P-M with three structural elements, a biocompatible carrier
composed of poly(styrene-alter-maleic acid), a photo-activatable
NO-releasing core, and mannose ligands displayed on the shell,
was successfully constructed for selective binding to cell surface
lectins. Signicant and lectin-dependent cell death was induced
in E. coli and Raw 264.7 cells via NO released from T@P-M upon
CL. In contrast to previous studies in which the cationic NO
delivery systems non-specically bound to anionic cell surfaces,
the negatively charged T@P-M exhibits low-background binding
to lectin-negative cells due to theCoulombic repulsion of anionic
species located on mammalian cells, such as sialic acids. Most
importantly, the responsiveness of T@P-M to CL, which could be
generated in vivo and thus overcome the limited penetration of
exogenous light into biological tissues, indicates that T@P-M
has broad biomedical applications, e.g., for combating patho-
gens with dened cell surface lectins in wounds or possibly
pathogens residing in macrophages through host cell surface
lectin-mediated enrichment of photo-toxic T@P-M.

Experimental
Material and methods

LysoTracker Red DND-99 was purchased from Invitrogen. 40-
(Aminomethyl)uorescein and NO-550 were gis from Bio-
luminor. a-1-O-(20-Aminoethyl)-D-mannopyranoside was
synthesized according to a reported procedure.16 Poly[styrene-
alt-(maleic anhydride)]40 was prepared following a published
method.17 Unless specied, all other reagents were obtained
from Alfa Aesar. IR spectra were obtained using KBr discs with a
Nicolet 330 infrared spectrometer. Chemiluminescence emis-
sion spectra and UV-vis absorption spectra were recorded on a
spectrouorometer (SpectraMax M5, Molecular Device). CEM
cells and Raw 264.7 cells were obtained from the American Type
Culture Collection (ATCC). Confocal uorescence microscopy
images were obtained on a Leica SP5 using the following lters:
lex@476 nm and lem@500–580 nm for the NO-550 signal,
lex@488 nm and lem@500–530 nm for the uorescein signal,
and lex@543 nm and lem@580–620 nm for the LysoTracker Red
DND-99 signal. The uorescence signals of LysoTracker Red and
uorescein inside cells were merged using Photoshop CS 5.0.

Preparation of T@P-M

A DMF solution (3 ml) containing O-(20-aminoethyl)-D-man-
nopyranoside (0.2 g) and triethylamine (0.5 ml�1) was added
dropwise to a solution of poly(styrene-alt-MAA) (MW: 20 000)
(1.0 g) in DMF (5 ml). The solution was stirred at rt for 30 min,
and TFNA (0.8 g) was added. The solution was stirred at rt for 1 h,
and thenNa2CO3 (1.0 g) in distilled water (30ml) was added. The
mixture was stirred and sonicated at rt for 10 min and then
extensively dialyzed against distilled water to afford T@P-M.
J. Mater. Chem. B, 2013, 1, 6115–6122 | 6119
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Preparation of uorescein-labeled T@P-M

A DMF solution (3 ml) containing 40-(aminomethyl)uorescein
(0.1 g), O-(20-aminoethyl)-D-mannopyranoside (0.2 g), and TEA
(0.5 ml) was added to a solution of poly(styrene-alt-MAA) (MW:
20 000) (1.0 g) in DMF (5 ml). The solution was stirred at rt for
30 min, and TFNA (0.8 g) was added. The solution was stirred at
rt for 1 h, and then Na2CO3 (1.0 g) in distilled water (30 ml) was
added. The mixture was stirred and sonicated at rt for 10 min
and then extensively dialyzed against distilled water to afford
uorescein-labeled T@P-M.
Preparation of T@P

TFNA (0.8 g) and TEA (0.5 ml) were added to a DMF solution
(5 ml) containing poly(styrene-alt-MAA) (1.0 g). The mixture was
stirred at rt for 1 h, and then Na2CO3 (1.5 g) in water (30 ml) was
added to the reaction mixture. The mixture was sonicated at
rt for 10 min and then dialyzed against distilled water to
afford T@P.
Preparation of uorescein-labeled T@P

A DMF solution (3 ml) containing 40-(aminomethyl)uorescein
(0.1 g) and TEA (0.5 ml) was added to a solution of poly(styrene-
alt-MAA) (MW: 20 000) (1.0 g) in DMF (5 ml). The solution was
stirred at rt for 30 min, and then TFNA (0.8 g) was added. The
mixture was stirred at rt for 1 h, and then Na2CO3 (1.0 g) in
distilled water (30 ml) was added. The mixture was sonicated
and then extensively dialyzed against distilled water to afford
uorescein-labeled T @P.
FT-IR spectroscopy analysis

Well-ground TFNA (10 mg), freeze-dried T@P (10 mg), or freeze-
dried T@P-M (10 mg) was placed between two KBr plates and
dispersed with a gentle circular and back-and-forth rubbing
motion of the plates. The samples were then analyzed using a
Nicolet 330 infrared spectrometer.
Chemiluminescence system

The following conditions were employed for CL generation in
this work: H2O2 was added to PBS containing luminol (0.5 mM),
HRP (12 mg ml�1), 4-iodophenol (1 mM), and the appropriate
cell samples/polymeric nanoparticles to a nal concentration of
0.4 mM to initiate CL. Aer 5 min of illumination aer the
addition of H2O2, the cells were harvested, washed with fresh
PBS and then subjected to further analysis.
Dynamic size and zeta potential measurements

Freeze-dried T@P-M was dissolved in distilled water to a
concentration of 4 mg ml�1. The solution was sonicated and
passed through a 0.4 mm lter. A portion of the ltered solu-
tion was illuminated for 1 h with a hand-held UV illuminator
(365 nm). The T@P-M solutions treated with or without UV
light were analyzed using a Zetasizer NaNO ZS (ZEN3500)
to determine the statistical size distributions and zeta
potentials.
6120 | J. Mater. Chem. B, 2013, 1, 6115–6122
Binding of T@P-M to cell surface lectins

E. coli cells were incubated with uorescein-labeled T@P-M
(8 mg ml�1) or T@P (8 mg ml�1) in PBS for 30 min. The cells
were centrifuged, washed with PBS, and then re-suspended in
PBS. The cells were visualized by uorescence microscopy. In a
separate experiment, Raw 264.7 cells and CEM cells were
incubated with uorescein-labeled T@P-M (8 mg ml�1) in PBS
at 4 �C for 1 h. The cells were washed with cold PBS and then
analyzed using a confocal uorescence microscope.
CL-mediated killing of E. coli with T@P-M

A single colony of kanamycin-resistant E. coli BL21(DE3) on a
solid yeast-extract tryptone dextrose (YTD) agar plate was
transferred to liquid YTD culture medium (6 ml) and then
grown at 37 �C and 220 rpm overnight. The E. coli cells were
harvested by centrifugation. The E. coli pellet was dispersed in
PBS (10 mM, pH 7.4) and then centrifuged. The supernatant was
discarded, and the pellet was re-suspended in PBS and then
diluted to an optical density of 1.0 at 600 nm (OD600 ¼ 1.0). The
as-prepared E. coli samples (1 ml) were added to PBS spiked
with T@P-M (8 mg ml�1) or T@P (8 mg ml�1) or un-spiked PBS.
The mixtures were incubated for 30 min, and then, the cells
were collected by centrifugation and washed with PBS. Aer the
supernatant had been removed, the three cell populations were
added to the aforementioned CL system. The three solutions
were vortexed vigorously. Each solution was divided into two
portions; water (control) was added to one portion, and H2O2

(0.4 mM) was added to the other. The reaction mixtures were
incubated at rt for 5 min and then centrifuged to remove the
supernatant.

The resultant E. coli samples were re-suspended in PBS
(1 ml). A portion of each solution was immediately placed in LB
medium (250-fold dilution) and cultured at 37 �C and 220 rpm.
The optical densities of the LB media at 600 nm were measured
aer 8 h of incubation. In parallel, a portion of each treated
E. coli samples was placed in LB medium (1000-fold dilution).
Aer thorough mixing, 50 ml of each sample was spread on an
agarose plate. The plates were incubated at 37 �C for 24 h. The
plates were photographed, and the colonies were counted.
Effects of T@P-M on Staphyloccocus aureus

Staphyloccocus aureus cells were washed with PBS and the cell
pellet was re-suspended in PBS and then diluted to an optical
density of 1.0 at 600 nm (OD600 ¼ 1.0). The resultant cell sample
(1 ml) was respectively added to PBS spiked with or without
T@P-M (8 mg ml�1). The two mixtures were incubated for
30 min at rt and the cells were collected by centrifugation and
then washed with PBS. The sample solutions were centrifuged
and the cell pellets were added into the aforementioned CL
system. The solutions were thoroughly mixed and then to the
solutions was added H2O2 (0.4 mM). The reactionmixtures were
incubated at rt for 5 min. The cells were harvested by centrifu-
gation and then re-suspended in PBS (1 ml). The solutions were
respectively diluted into LB medium (250-fold) and then
cultured at 37 �C and 220 rpm. The optical densities of the LB
This journal is ª The Royal Society of Chemistry 2013
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media at 600 nm were measured post 24 h incubation. In a
parallel experiment, the cells treated with T@P-M in the
absence of CL were cultured in the medium and used as the
control.
Lectin-mediated internalization of T@P-M

Raw 264.7 cells and CEM cells were incubated in DMEM or
RPMI-1640 supplemented with uorescein-labeled T@P-M (0.5
mg ml�1) at 37 �C for 2 h. The medium was removed, and the
cells were washed twice with PBS. The cells were cultured in
DMEM or RPMI-1640 at 37 �C for 2 h. The cells were then
incubated in DMEM or RPMI-1640 containing LysoTracker Red
(1 mM) for 30 min and analyzed by confocal uorescence
microscopy. The uorescence emission of LysoTracker Red
between 580 and 620 nm was recorded using an excitation
wavelength of 543 nm. The uorescence emission of uorescein
between 500 and 530 nm was recorded using an excitation
wavelength of 488 nm.
Imaging of CL-triggered NO-release from T@P-M in
macrophages

Raw 264.7 cells and CEM cells were incubated for 20 min at
37 �C in DMEM and RPMI-1640, respectively, containing
T@P-M (8 mg ml�1). The cells were washed with PBS and then
cultured in DMEM or RPMI-1640 spiked with NO 550 (20 mM).
The cells were harvested and then exposed to CL for 5 min in
PBS. The cells were collected by centrifugation, washed with
PBS and then analyzed by confocal uorescence microscopy.
The level of NO-mediated turn-on uorescence between 500
and 580 nm was recorded using an excitation wavelength of
476 nm.

In control experiments, both cell types were incubated in
DMEM or RPMI-1640 spiked with TFNA (0.107 mg ml�1) for 20
min at 37 �C. The cells were washed with PBS and then cultured
in DMEM or RPMI-1640 spiked with NO-550 (20 mM) at 37 �C for
20 min. The cells were washed, and then a portion of the cells
was incubated for 5 min in PBS containing luminol (0.5 mM),
4-iodophenol (1 mM), H2O2 (0.4mM) andHRP (12 mgml�1). The
cell samples treated with or without CL were isolated and then
imaged by uorescence microscopy.
CL-mediated cytotoxicity of T@P-M to Raw 264.7 cells

Raw 264.7 and CEM cells were seeded in 96-well plates at a
density of 1� 105 cells per well and then incubated overnight in
DMEM or RPMI-1640 containing 10% fetal bovine serum (FBS).
The cells were washed with PBS and then incubated in fresh
medium or RPMI-1640 containing TFNA (0.107 mg ml�1) or
T@P-M (8 mg ml�1) for 20 min. The media were replaced with
PBS containing CL reagents. Aer 5 min of CL illumination, the
cells were incubated in DMEM containing tetrazolium dye
(MTT) (0.25 mg ml�1) and cultured for 4 h at 37 �C. Aer
removal of the supernatant, DMSO (100 ml) was added to each
well to dissolve the formazan crystals. The plates were shaken
for 5 min and then analyzed with a SpectraMax M5 plate reader
to record the absorbance at 490 nm.
This journal is ª The Royal Society of Chemistry 2013
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