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A B S T R A C T

The early in vivo diagnosis of infectious disease foci is largely hindered by invasion and concealment of pa-
thogens in host cells, making it difficult for conventional probes to detect and analyze intracellular pathogens.
Taking advantage of the excessively produced reactive oxygen species (ROS) within host cells, herein we report
the design of thiol-hemiketal blocked N-azidoacetyl galactosamine (Ac3GalNAzSP), an azido unnatural sugar
bearing an unprecedent designed ROS-responsive moiety for targeted labelling of infected host cells.
Ac3GalNAzSP showed great stability under physiological conditions, specifically released active unnatural sugar
in host cells overproducing ROS, metabolically labeled infected host cells with azido groups, and enabled tar-
geting in vivo infection sites by subsequent Click Chemistry reactions, substantiating an unprecedented approach
for targeting infected host cells. This technique could be a powerful tool for early in vivo diagnosis and targeted
treatment of infectious disease.

1. Introduction

Bacterial infections present an outstanding clinical threat despite
the availability of antibiotic treatments. If not effectively treated at
early stages, bacterial infections may lead to irreversible pathological
transformations towards high-burden settings and severe or lethal dis-
eases such as sepsis[1], tuberculosis [2], salmonellosis [3], or other
widespread pathogenic transmissions [4]. An efficient, rapid method to
detect early-stage infectious disease foci in vivo with high accuracy and
sensitivity is therefore crucial. Tissue biopsy and culture are current
clinical procedures for the diagnosis of most infectious pathogens.
These processes, however, may take days to complete, during which the
infection may transform, spread, and become systemic with high bac-
terial burdens[5,6] and render treatment very challenging. There have
been attempts to utilize pathogen-specific ligands coupled with fluor-
escent probes for the non-invasive optical detection of infectious foci
[7–11], especially for extracellular pathogens exposed at the infection
site. However, many pathogens invade and survive inside mammalian
cells upon being engulfed by phagocytic cells responsible for bacterial
clearance, making it very challenging to detect internalized pathogens
in vivo with conventional probes due to their poor cell penetration

capability[12]. For instance, S. aureus is taken up by host phagocytic
cells, primarily neutrophils and macrophages, within minutes after
systemic infection [13–16]. Once uptaken in the blood-borne phago-
cytic cells, S. aureus is shielded from diagnosis and antibiotic treatment.
These infected host cells subsequently act as ‘Trojan horses’ for the
systemic dissemination of bacteria. Therefore, there is an urgent clinical
need to develop non-invasive targeting techniques that can readily
identify a broad-spectrum of pathogens in host cells and provide a
sensitive readout of disease burden at early stages of infection.

To introduce biorthogonal functional groups to glycoproteins on cell
surfaces, metabolic labelling with unnatural sugars has been widely
used for glycan visualization, glycoproteome mapping, and cell label-
ling [17–20]. Small molecule metabolic azido-sugars can mediate tissue
specific imaging and delivery via a trigger-responsive design, which
converts a cell-specific intracellular signal into targetable artificial an-
tigens on cell surfaces [21–25]. This strategy has obvious advantages
over antibodies for disease targeting because azido-sugars enable more
efficient tissue penetration and cellular uptake, transforming non-tar-
getable intracellular signals to targetable groups on the tissue surface at
a density orders of magnitude higher than typical antigens. This facil-
itates an effective targeting mechanism via highly efficient in vivo Click
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chemistry post metabolic labelling [21,26]. Those properties make
unnatural sugar mediated labelling a more viable strategy for targeting
infected host cells.

Reactive oxygen species (ROS), generated by immune cells (e.g.,
macrophages and neutrophils) to facilitate host defense responses to-
wards intracellular pathogens, are released immediately upon infection
by both Gram-negative or Gram-positive bacteria [27]. The in-
tracellular ROS concentration in host cells may increase by 10–100 fold
[8], making ROS a viable trigger to achieve highly specific targeting.
Herein, we report an unprecedented design of unnatural azido-sugars
that can selectively label infected host cells through a ROS specific
mechanism both in vitro and in vivo, presenting azido groups on the
surface of the infected host cells for further copper-free click chemistry
mediated cargo delivery to infected cells (Scheme 1).

2. Methods

2.1. HPLC quantification of Ac3GalNAzSP under H2O2 environment

Ac3GalNAzSP (1 mg/mL) was dissolved in PBS (1 mL, add 1%
Tween - 80) and H2O2 stock solution (30% H2O2 by weight) was added
to obtain the final concentration of 10 mM H2O2. The mixture was
incubated at 37 °C. At assigned time data points, 25 μL aliquot of the

mixture was added to 500 μL 1:1 Acetonitrile and 0.1% TFA water
mixed solvent and quenched by addition of sodium pyruvate solution
(50 μL, 250 mM). DBCO-Cy5 (7 μL in DMSO, 10 mM) was added and
the solution was incubated overnight. The HPLC traces were collected
with a PDA detector at 254 nm (for quantification of structures with
aromatic domain) and fluorescence detector with excitation at 650 nm
and emission at 688 nm (for quantification of species with reactive
azide groups). Each starting material and final compound was quanti-
fied to standard curves generated from pure compounds.

2.2. Stability of MBTAAG in physiological conditions

MBTAAG (1 mg/mL) was diluted with PBS or DMEM cell medium
supplied with 10% (v/v) FBS. The mixture was incubated at 37 °C. At
assigned time data points, 25 μL aliquot of the mixture was added to
500 μL 1:1 Acetonitrile and 0.1% TFA water mixed solvent. The HPLC
trace was collected with a PDA detector at 254 nm (for quantification of
structures with aromatic domain. Each starting material and final
compound was quantified to the standard curve generated from pure
compounds.

Scheme 1. a) Reactive oxygen species (ROS) responsive release of synthetic 1′–modified azido-galactosamine and subsequent labelling of infected host cell via
intrinsic metabolic machine. b) In vivo selective labelling of infectious foci with azido groups and subsequent infection targeting via click chemistry.
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2.3. Confocal imaging of azido-sugar labeled proinflammatory cells

RAW264.7 cells were seeded onto coverslips in a 6-well plate at a
density of 5 × 104 cells per well for 12 h. Azido sugar MBTAAG or AAG
(50 μM) was added and the cells were incubated at 37 °C for 48 h,
followed by addition of 5 μg/mL LPS (For ROS inhibition group, LPS
was spiked with 5 mM TEMPOL for inhibition of ROS production), and
cells were incubated for another 12 h. After washing with PBS, cells
were incubated with DBCO–Cy5 (20 μM) for 1 h and fixed with 4%
paraformaldehyde (PFA) solution, followed by staining of cell nuclei
with Hoechst 33342 (10 μg/mL). The coverslips were mounted onto
microscope slides and imaged under a confocal laser scanning micro-
scope.

2.4. Flow cytometry analysis of azido-sugar labeled proinflammatory cells

RAW264.7 cells were seeded in a 6-well plate at a density of
5 × 104 cells per well for 12 h. Azido sugar MBTAAG or AAG (50 μM)
was added and the cells were incubated at 37 °C for 48 h, followed by
addition of 5 μg/mL LPS (For ROS inhibition group, LPS was spiked
with 5 mM TEMPOL for inhibition of ROS generation), and the cells
were incubated for another 12 h. After washing with PBS, cells were
incubated with DBCO-Cy5 (20 μM) at 37 °C for 1 h and the free DBCO-
Cy5 were washed away with PBS. Cells were lifted by incubating with
trypsin solution and analyzed by flow cytometry.

2.5. Western blotting analysis of azido-sugar labeled pro-inflammatory cells

RAW264.7 cells were seeded in a 6-well plate at a density of
1 × 105 cells per well for 12 h. Azido sugar MBTAAG or AAG (50 μM in
DMSO) was added and the cells were incubated at 37 °C for 48 h. fol-
lowed by addition of LPS (5 μg/mL in PBS), the cells were incubated for
another 12 h. After washing with PBS, cells were lysed with lysis buffer
(50 mM Tris-HCl, 1% SDS, pH 7.4), and the lysate was incubated at 4 °C
for 30 min. Following the removal of the lysate debris by centrifugation
at 10000 rpm, the protein concentration of cell lysate was quantified by
using standard BCA assay. After adjusting the amount of protein, io-
doacetamide solution (60 mM, 1 μL in 20 μL lysate) was added and
incubated at 37 °C for 1 h to fully block the free thiol groups in pro-
teome. DBCO-(PEG)4-biotin (10 mM, 1 μL in 20 μL lysate) was added to
the mixture and the resulting mixture was incubated overnight at 37 °C.
The protein mixture labeled with biotin was mixed with 2 × sample
buffer, heated for 10 min at 95 °C and subjected to electrophoresis.
After standard membrane transfer, the membrane was incubated with
streptavidin-HRP at room temperature for 1 h and washed with
1 × TBST at room temperature while shaking for 10 min. The blots
were developed with ECL Western Blotting substrate and the membrane
was exposed and imaged.

2.6. MBTAAG labelling of in vitro pathogen infected macrophage

Confirmation of intracellular ROS generation in infected macrophages
with confocal fluorescence microscopy. RAW264.7 cells (5 × 104 cells/
well in a 6-well plate) were seeded and incubated. MBTAAG or AAG
(50 μM in DMSO) was added and the cells were incubated at 37 °C for
48 h. After that, E. Coli or B. Subtilis was added to each well with
MOI = 5 (bacteria per cell). The bacteria were co-incubated with the
cells for 1 h, washed with PBS (2 × 1 mL) to remove extracellular
bacteria, 1 mL DMEM medium (containing 50 μM the abovementioned
sugar precursor) spiked with 2 μg/mL gentamycin was added for 12 h at
37 °C, and DCFDA solution in DMSO was added to the medium to ob-
tain final concentration of 10 μM. After washing with PBS, the cells
were incubated with DBCO–Cy5 (20 μM in PBS) for 1 h and fixed with
4% paraformaldehyde (PFA) solution, followed by staining of cell nu-
clei with Hoechst 33342 (10 μg/mL). The coverslips were mounted onto
microscope slides and imaged under a confocal laser scanning

microscope.
Flow cytometry analysis. RAW264.7 cells were seeded in a 6-well

plate at a density of 5 × 104 cells per well for 12 h. Azido sugar
MBTAAG or AAG (50 μM) was added and the cells were incubated at
37 °C for 48 h. After that, GFP expressing E. Coli or B. Subtilis was added
to each well with MOI = 1, 5, 10, 25, 100 (bacteria per cell). The
bacteria were co-incubated with the cells for 1 h and washed with PBS
(2 × 1 mL) to remove the extracellular bacteria. DMEM medium
(contain 50 μM above sugar precursor) spiked 2 μg/mL gentamycin was
added. The cells were incubated for 12 h at 37 °C. After washing with
PBS, cells were incubated with DBCO-Cy5 (20 μM in PBS) at 37 °C for
1 h and the free DBCO-Cy5 were washed away with PBS. Cells were
lifted by incubating with trypsin solution and analyzed by flow cyto-
metry.

2.7. In vivo pathogen infected myositis site specific labeling of MBTAAG and
biodistribution

Female BALB/c mice (8 weeks) were anaesthetized with isoflurane
and the hair on the thigh and back was removed. A suspension of E. coli
(106 CFUs) in saline (50 μL) was injected into the left rear thigh muscle
(injection depth 5 mm). Saline (50 μL) was injected into right rear thigh
muscle as the negative control (injection depth 5 mm). The mice were
divided into three groups: PBS + DBCO-Cy5 (Group 1),
MBTAAG + DBCO-Cy5 (Group 2), AAG + DBCO-Cy5 (Group 3). After
12 h the mice were injected with MBTAAG (76.8 mg/kg in 200 μL PBS)
(group 1) through the tail vein injection, injection of PBS (group 2) or
AAG (64.0 mg/kg in 200 μL PBS) (group 3) were used as controls. After
12 h post injection of MBTAAG, DBCO-Cy5 (5 mg/kg in 200 μL PBS)
was intravenously injected and its biodistribution was monitored by
using the Bruker In Vivo Xtreme Imaging System with a 630 nm (ex-
citation)/700 nm (emission) filter at 2, 4, 8, and 12 h post injection of
DBCO-Cy5, respectively. The collected images were analyzed and the
fluorescent intensity of Region of Interest (ROI) was quantified using
Bruker molecular imaging software. At 12 h post injection of DBCO-
Cy5, infected thigh and uninfected thigh, heart, liver, spleen, lung,
kidneys were harvested from mice and imaged ex vivo. Ex vivo images
were quantified by measuring fluorescence intensity at selected ROIs.
For the MBTAAG labeling biodistribution analysis, at 12 h post the
injection of MBTAAG, infected muscle and organs were harvested for
western blotting analyses following the above-mentioned procedures.

2.8. Confocal imaging of infected tissue

After ex vivo imaging, thighs were directly frozen in O.C.T. com-
pound, bisected with a thickness of 8 μm on a cryostat (Leica
CM3050S), and stained with Hoechst 33342 (2 μg/mL) and Rb pAb to
CD68 coupled with Alexa Fluorophore 555 conjugated Goat pAb to Rb
IgG for macrophage population immunostaining. After multiple
washing steps, coverslips were mounted onto the microscope slides
with the addition of ProLong Gold antifade reagent, and the prepared
samples were stored in the dark for confocal imaging.

2.9. In vivo labeling specificity test by ROS chemiluminescent imaging

Female BALB/c mice (8 weeks) were anaesthetized with isoflurane
and the hair on the thigh and back was removed. A suspension of E. coli
(106 CFUs) in saline (50 μL) was injected into the rear thigh muscle
(injection depth 5 mm) at both flanks. 100 mg/kg TEMPOL was s.c.
injected (injection volume 50 μL) 3 times into the right flank for the
control at 6, 18, 30 h. For L-012 chemiluminescent imaging, 5 mg/kg in
50 μL injection volume was used, 10 min post injection of L-012, bio-
luminescent imaging was conducted by the Bruker In Vivo Xtreme
Imaging system with a CCD camera with a filter of 700 nm. After 12 h of
infection, the mice were injected with MBTAAG (76.8 mg/kg in 200 μL
PBS) through tail vein injection while PBS injection was used as a
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control. 12 h post injection of MBTAAG, DBCO-Cy5 (5 mg/kg in 200 μL
PBS) was intravenously injected and its biodistribution was monitored
by using the Bruker In Vivo Xtreme Imaging System with a 630 nm
(excitation)/700 nm (emission) filter at 12 h post injection of DBCO-
Cy5.

2.10. Trypan blue cell toxicity assay

Raw264.7 cells were plated in a 24-well plate at a density of
500,000 cells/mL in full DMEM media supplemented with either 10 μM
or 50 μM MBTAAG. At 24, 48, and 72 h, the cells were suspended with
trypsin, and a 10 μL sample was taken from each of the samples and
mixed 1:1 with a 0.4% (w/v) trypan blue solution in PBS. Samples were
incubated for 1 min at room temperature before being loaded onto a
hemocytometer where live and dead cells were counted. Each sample
was made in triplicate for each time point.

2.11. In vivo biocompatibility study

MBTAAG (76.8 mg/kg) was intravenously injected to 8-week-old
ICR mice, mice with solvent injection were used as control (n = 5 per
group). At 48 h after administration,blood from each mouse was ex-
tracted for biochemical tests, and the heart, liver, spleen and kidneys
were separated for H&E staining. Briefly, the levels of 4 serum bio-
chemical parameters, including aspartate aminotransferase (ALT), as-
partate aminotransferase (AST), blood urea nitrogen (BUN or UREA),
creatinine (CREA), were evaluated with Hitachi 3100 Chemistry ana-
lyzer. The tissue samples were immediately fixed with 4%
Paraformaldehyde (PFA), embedded in paraffin, sectioned at 4 μm and
stained with H&E. Characterization of all the collected target tissues for
inflammatory cell infiltrate including macrophages and neutrophils was
performed by systemic microscopic evaluation at 400 × magnification.

2.12. Blood compatibility hemolysis assay

The toxicity of MBTAAG was tested by its hemolytic activity against
HRBCs following established protocols. Serial 2-fold dilution of
MBTAAG with PBS buffer gives a range of predetermined concentra-
tions. Fresh HRBC suspension (1 mL) was washed twice with PBS buffer
(12 mL) and collected by centrifugation at 3000 rpm (1000×g) before
being re-dispersed in PBS buffer (15 mL) to reach a HRBC concentration
of ~1.0% (v/v). Aliquots of this diluted HRBC suspension (160 μL) were
mixed with diluted MBTAAG solutions (40 μL) in 1.5 mL micro-cen-
trifugation tubes. The tubes were secured in a shaker incubator and
shaken at 250 rpm at 37 °C for 60 min. PBS buffer (40 μL) or Triton X-
100 (40 μL, 1% v/v) mixed with HRBC suspension (160 μL) were used
as negative and positive controls, respectively. The tubes were cen-
trifuged at 3000 rpm (1000×g) for 5 min to pellet the intact cells and
cell fragments. Supernatant (30 μL) of each test sample added into a 96-
well plate with each well contains PBS buffer (100 μL). The absorbance
at 405 nm was measured with a microplate reader (PerkinElmer Victor3

V). The percentage of hemolysis (ψ) was calculated by:

=

−

−

×ψ
OD OD

OD OD
100%sample NC

PC NC

405, 405,

405, 405,

where OD405,sample is the absorbance of HRBC supernatant treated with
a MBTAAG concentration. OD405,PC and OD405,NC are the absorbance of
positive and negative control, respectively. HC50 is defined as the
minimal sample concentration that causes 50% hemolysis, which is
commonly regarded as the index of toxicity.

2.13. Statistical analysis

The statistical analysis was performed by one-way analysis of var-
iance (ANOVA) with post hoc Fisher's LSD test (OriginPro 8.5), and P-

values < 0.05 were considered statistically significant. The results
were deemed significant at 0.01< *P ≤ 0.05, highly significant at
0.001< **P ≤ 0.01, and extremely significant at ***P ≤ 0.001.

3. Results and discussions

To test if the azido-bearing metabolic sugar precursors can label
host cells, we chose RAW264.7 murine macrophages as a model host
cell to evaluate the labeling capability of a series of azido-sugars:
Ac4ManNAz (AAM), ManNAz (AM), Ac4GalNAz (AAG) and GalNAz
(AG) (Fig. S1a). RAW264.7 macrophages were incubated with the
corresponding azido-sugar for 24 h, followed by probing with di-
benzocyclooctyne (DBCO)-Cy5. AAG showed the highest labeling effi-
ciency in macrophages among all tested sugars, possibly as a result of
the higher abundance and faster uptake rate (Fig. S1b). Azido-glyco-
protein analysis by Western blotting confirmed that AAG had the
highest labeling efficiency in macrophages. During this process, the
azido modified glyco-proteins were first biotinylated by incubating
with DBCO-PEG4-biotin and then detected by streptavidin-horseradish
peroxidase (HRP) conjugate. The results demonstrate that azido label-
ling occurs on the glycoproteins of the cell surface (Fig. S1c). The
“band” appears as a smear because GalNAz can finally appear as both
GalNAz or GlcNAz (by the salvage pathway) on the glycoproteome[28],
and the polysaccharide chain on the glycoprotein is highly diversified
as it was reported previously [29].

We used the structure of AAG for the development of sugar pre-
cursors for specifically labeling infection sites. Our previous work has
demonstrated that blocking the anomeric position (1’) of the azide
substituted sugar precursor can greatly inhibit the labeling ability of the
sugar [21], which prompted us to design a trigger-responsive sugar for
infection-site specific labeling. Thiol-ketal based biomaterials have
been developed for the ROS responsive release of therapeutic agents
such as anti-cancer or anti-inflammatory siRNA (Fig. 1a) [30,31]. The
thiol-ketal linkers are stable under physiological conditions and can be
oxidized by ROS to generate hydrophilic ketones and sulfate-containing
compounds [32–35]. We reasoned that the hemi-thiol ketal group
(Fig. 1a and b) on the anomeric position of AAG can be oxidized by ROS
and release the active AAG derivative (Fig. S2) by a similar oxidative
mechanism. To prove this hypothesis, we synthesized several
Ac3GalNAzSP structures. To characterize ROS triggered degradation,
Ac3GalNAzSP was first incubated in H2O2 solution and then probed
with DBCO-Cy5 via Click chemistry to monitor the release of
Ac3GalNAzOH (AAGOH) by HPLC with a fluorescence detector (λext:
650 nm, λemi: 688 nm)(Fig. S3a). The consumption of Ac3GalNAzSP
and the accumulated release of AAGOH were quantified. The results
indicate all three precursors released over 50% after 48 h in oxidative
environment. Among them, MBTAAG, a p-meoxybenzyl substituted
Ac3GalNAz sugar precursor showed the highest oxidation responsive-
ness (Fig. 1c and d). In comparison, no degradation was observed over
48 h under non-oxidative physiological conditions in both PBS and
DMEM cell medium supplied with 10% FBS, suggesting minimal release
of active labeling agent in normal cells or tissues (Fig. S3b). We also
tested the degradation of the MBTAAG precursor in response to biolo-
gically relevant levels of H2O2 (e.g. 100 μM and 1 mM)[36] by HPLC by
coincubation with 100 μM MBTAAG. The degradation selectivity of
MBTAAG under various ROS signals, including hyperchloride, H2O2,

and hydroxyl radical was also evaluated. This showed that such hemi-
thiol ketal linkage showed most efficient degradation in response to the
hydroxyl radical (Fig. S4).

To examine the ability of MBTAAG to label host cells under pro-
inflammatory conditions, we used lipopolysaccharide (LPS)-activated
macrophages to mimic the immune response of macrophages, resulting
in a pro-inflammatory response and high ROS levels during the invasion
of pathogens [37]. LPS-activated murine macrophages were incubated
with MBTAAG, while macrophages treated with PBS and AAG (the la-
beling active motif of MBTAAG) were used as negative and positive
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controls respectively (Fig. 2a). Treating LPS activated macrophages
with MBTAAG resulted in elevated azide expression on cell membranes
(Fig. 2b). In contrast, non-activated macrophages cannot be labeled by
MBTAAG due to the low ROS levels. AAG, on the contrary, showed very
high labeling levels for both LPS-activated macrophages and non-acti-
vated macrophages. The marked increase in cellular fluorescence in
LPS-induced macrophages treated by MBTAAG was largely mitigated
by treating cells simultaneously with ROS scavenger 4-hydroxy-2,2,6,6-
tetramethylpiperidine-N-oxyl (TEMPOL) [38], indicating that the in-
creased amount of released AAGOH resulted from elevated intracellular
ROS levels. Western blot analysis showed that the elevated labeling of
cells overproducing ROS occurred in glycoproteomes (Fig. 2c). Similar
results were also demonstrated by flow cytometry analysis (Fig. 2d and
e). In a separate study, we tested the level of unspecific MBTAAG la-
beling in normal epithelial cells with Chinese Hamster Ovary (CHO) cell
line. MBTAAG showed negligible labeling in CHO cells (Fig. S5). These
results indicate the promising discrimination effect between pro-in-
flammatory host cells and normal cells for labelling.

We next tested our hypothesis that host cells infected with bacteria
could trigger the release of active azido-sugars, presenting azido groups
on cell surfaces. We infected RAW264.7 murine macrophages with
pathogens Escherichia coli (Gram-negative) or S. aureus (Gram-positive)
at multiplicity of infection (MOI) of 100: 1. Extracellular bacteria were
killed by gentamycin, which is uptaken too slowly to kill intracellular
pathogens [39]. It is observed that nearly all the host cell population
was labeled by MBTAAG, as MBTAAG and AAG showed nearly identical
labeling efficiency (Fig. 3a and b). MBTAAG showed very low back-
ground labeling for uninfected cells (Fig. 3c and d), and the signal

enhancement was 7.2 times and 6.5 times after infection in E. Coli or s.
aureus infected cells, respectively. To confirm that infected host cells
spontaneously generate ROS, we visualized intracellular ROS genera-
tion using 2′,7- dichlorofluorescenindiacetate (DCFDA) [40], a cell
permeable fluorescent dye that is rapidly oxidized to a fluorescent
molecule by intracellular ROS. Confocal microscopy analysis clearly
demonstrated the generation of intracellular ROS throughout the cell
during the infection (Fig. 3f), and MBTAAG labeling of infected mac-
rophages is well co-localized with ROS positive macrophages, in-
dicating the selective labelling is resulted from overexpressed ROS in
infected host cell niche. To test the quantitative correlation between
labeling and multiplicity of infection, we infected RAW264.7 murine
macrophages with GFP-engineered pathogens E. coli (Gram-negative) or
Bacillus subtilis (Gram-positive) at different multiplicity of infection
(MOI) ratios ranging from 1:1 to 100:1. The infected macrophages were
incubated with MBTAAG for 12 h and probed by DBCO-Cy5 afterwards.
Double channel flow cytometry analysis (GFP and Cy5) revealed that
the infected host cells could be labeled by MBTAAG with high specifi-
city (quadrant I compared to quadrant II), while AAG, indiscriminately
labeled all populations of macrophages (Fig. 3e and g and S6). Also, the
‘double positive’ population (GFP+, Cy5+) was increased when pa-
thogen loading was increased, making it possible to quantify infected
cells during in vitro studies or in homogenized tissues from animal
studies. Incorporation of DBCO-Cy5 dye onto host macrophages was
also confirmed by confocal microscopy (Figs. S7a and S7b). MBTAAG
can specifically label infected macrophages and shows a good correla-
tion between infected macrophages (Channel Green) and azide labeled
macrophages (Channel Red).

Fig. 1. a) Reactive ROS responsiveness of precedent thiol-ketal structure and hemi-thioketal structure in this work. b) Brief synthetic route of dormant Ac3GalNAz
derivatives Ac3GalNASP. c) Consumption of Ac3GalNAzSP under H2O2. d) Accumulative release of Ac3GalNAzOH (AAGOH) from Ac3GalNAzSP under H2O2. The
slightly lagging release of AAGOH as compare to Ac3GalNAzSP consumption is due the transformation of intermediates.
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We then studied the infection selective labeling capability of
MBTAAG in vivo, enabled by copper-free Click chemistry mediated
fluorescent probe targeting. To examine this, BALB/c mice were in-
tramuscularly injected in the right and left thigh muscles, respectively
with E. coli (106 colony-forming units, CFUs) and PBS. It has been
shown that the majority of early soft tissue infections and abscesses
caused by bacteria contain more than around 107 CFU mL−1 burden

[41]. The pathogen burdens are approximately those of the early con-
tact dose of pathogens in typical infectious diseases. After 12 h, a single
dose of MBTAAG (76.8 mg/kg) was systematically administered into
BALB/c mice via tail vein injection. Mice treated with AAG (64.0 mg/
kg) or PBS were used as positive and negative controls. The biodis-
tribution of metabolized azido sugar rather than free, unmetabolized
azido sugar was studied by previously reported tissue western blotting

Fig. 2. a) Schematic illustration of Reactive Oxygen Species (ROS) activated metabolic labeling of Ac3GalNAzSP and subsequent detection of the expressed azido
groups by DBCO-Cy5 via copper-free click chemistry. b) Confocal laser scanning microscopy (CLSM) image of RAW264.7 murine macrophage after incubation with
Ac4GalNAz (AAG) or MBTAAG for 48 h, followed by co-incubation with 5 μg/mL LPS (or spike with 5 mM TEMPOL for ROS inhibition) and labeling of DBCO-Cy5
(50 μM, red) for 1 h. The cell nuclei were stained with Hoechst 33342 (blue). Scale bar, 50 μm. c) Western blotting analysis of RAW264.7 cells after treatment with
PBS, MBTAAG, or AAG for 48 h followed by co-incubation with LPS for 24 h for macrophages activation. Azido-modified proteins were biotinylated by incubating
with DBCO-PEG4-biotin and then detected by streptavidin-horseradish peroxidase conjugate. PBS and PBS + LPS groups showed only two endogenous biotinylated
protein bands. d) Flowcytometry analysis of RAW264.7 cells after treatment with PBS, MBTAAG, or AAG for 48 h, followed by co-incubation with LPS for 24 h for
macrophages activation, respectively, and labeled with DBCO-Cy5 (20 μM) for 1 h. e) Quantitive analysis of flowcytometry results generated from (d), TEMPOL
(5 mM) was spiked in LPS to trap ROS to confirm the ROS trigger release mechanism of MBTAAG in LPS treated macrophages. All numerical data were presented as
mean ± SEM (n = 3) and analyzed by one-way ANOVA (Fisher; 0.01 < *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001). (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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analysis [21]. An increased amount of azido-modified proteins in the
MBTAAG group compared to the PBS group was observed 12 h post
injection of MBTAAG, while there was a negligible difference observed
in the amount of azido-modified proteins in liver, spleen, heart and lung
between MBTAAG and PBS groups (Fig. S8). In contrast to those results,
AAG showed nonspecific labeling in normal tissues, with a considerable
amount of azido groups expressed in liver and kidney. In a separate
study, DBCO-Cy5 was then intravenously injected at 12 h post azido-
sugar injections, and its biodistribution was monitored through non-

invasive near infrared (NIR) in vivo imaging (Fig. 4a). The elevated
accumulation of DBCO-Cy5 at infected muscle tissue was observed at
early stages, at the time when free fluorophore dominates the fluor-
escent intensity contribution in systemic circulation (Figs. 4b and 5a).
At 12 h post injection of DBCO-Cy5, infected thighs showed much
higher accumulation of fluorescent probes than uninfected thighs or
PBS treated groups confirmed by noninvasive in vivo imaging. The
harvested infected thighs of MBTAAG-treated mice showed a Cy5
fluorescence intensity increase of 2.25-fold over that of uninfected

Fig. 3. Flow cytometry analysis of RAW264.7 cells after treated with PBS, MBTAAG, AAG for 48 h, followed by co-incubation with gram negative pathogens E.coli (a)
or gram positive pathogens S. aureus (b) when MOI = 100 for 12 h, 2 μg/mL gentamycin was applied to select intracellular pathogens, and labeled with DBCO-Cy5
(20 μM) for 1 h. c,d) Quantitative analysis of mean fluorescence intensity (MFI) derived from FACS result of (a) and (b). e) FACS allows separation of GFP-modified
pathogen (E. Coli) infected RAW264.7 murine macrophages labeled with MBTAAG in a manner that correlates with the multiplicity of infection (MOI) bacteria per
cell. Intracellular bacteria were selected by coincubation with gentamycin (2 μg/mL). Cy5+ macrophages are defined arbitrarily within the quadrant I and II in (g). f)
Generation of intracellular ROS in E. Coli infected RAW264.7 murine macrophages was confirmed by DCFDA staining. Strong green fluorescence throughout the cells
demonstrates the high level of intracellular ROS in infected RAW264.7 cells and is the cause of MBTAAG labelling of the host macrophages. Cellular nuclei were
counterstained with Hoechst 33342 (blue). Scale bar, 50 μm. Nuclei were stained with Hoechst 33342 (blue). Scale bar, 50 μm. All numerical data was presented as
mean ± SEM (n = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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thighs which had the same fluorescence level as the PBS-treated group
(Fig. 4c). The localization of Cy5 probe was confirmed by confocal
microscopy images of harvested infected tissue (Fig. 4d). On the con-
trary, the AAG-treated group had similar fluorescence levels in infected
tissue compared to the MBTAAG-treated group at the same time and
showed nonspecific retention of fluorescent probes in the uninfected
tissue and organs such as the liver and kidneys (Figs. 4c and 5b). In
contrast, there were no significant differences in Cy5 retention in the
liver, spleen, heart, lung and kidney tissues between MBTAAG-treated
mice and PBS-treated mice, indicating very low nonspecific labeling of

MBTAAG in normal tissue (Figs. 4e and 5b). To confirm the site-specific
labeling is resulted from elevated ROS levels in vivo, we utilized ROS
responsive indicator L-012 to probe ROS levels [42]. This showed that
the labeling of MBTAAG is highly colocalized with elevated ROS levels.
At the same time, labeling can be inhibited by administration of
TEMPOL at the infection site (Fig. S9). We also stained infected thighs
using macrophage specific anti-CD68 antibodies for immunostaining.
An obvious correlation of Cy5 (Red) and macrophage fluorescence
(CD68, yellow) (Fig. 5c) was observed, indicating that labeling mostly
occurred on effector cells that secrete ROS chemokines in response to

Fig. 4. a) Time frame of in vivo imaging study. b) In vivo whole-body fluorescence imaging of BALB/c mice at 4, 8, 12 h post injection of DBCO-Cy5, respectively. Dot
lines indicate the induced myositis area. c) Quantification of Cy5 FI in thigh muscles from (e). d) CLSM images of infected thigh sections from each group. The cell
nuclei were stained with Hoechst 33342 (blue). Scale bar, 50 μm. e) Ex vivo imaging of thigh muscles and major organs at 12 h post injection of DBCO-Cy5. 1-heart, 2-
lung, 3-liver, 4-spleen, 5,6-kidneys, 7-right (uninfected) thigh, 8-left (infected) thigh. All numerical data were presented as mean ± SEM (n = 8) and analyzed by
one-way ANOVA (Fisher; 0.01 < *P≤ 0.05; **P≤ 0.01; ***P≤ 0.001). (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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invading pathogens. The toxicity of MBTAAG was evaluated both in
vitro and in vivo. The in vitro evaluation of MBTAAG showed that it is
nontoxic by standard cell viability assay (Fig. S10). The blood bio-
compatibility of MBTAAG was further evaluated by hemolysis of human
red blood cells (Fig. S11), showing the low hemolytic potential of

MBTAAG. This showed HC50 > 5000 μg/mL, which is far higher than
the injected concentration in vivo. Acute in vivo toxicity experiments
were performed after i.v. administration of 76.8 mg/kg in ICR mice.
There was no mortality or deterioration under general conditions ob-
served in mice. Representative sections of various organs taken 48 h

Fig. 5. a) DBCO-Cy5 retention kinetics in in vivo imaging of infected flank of thigh muscles. Significance test was performed between MBTAAG treated groups and
PBS treated groups. b) Mean Cy5 fluorescence intensity of tissues extracted from Fig. 4c. All numerical data was presented as mean ± SEM (n = 8) and analyzed by
one-way t-test (Fisher; 0.01 < *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001). c) Histological analysis of DBCO-Cy5 labeling after one dose treatment of MBTAAG followed
by systemic administration of DBCO-Cy5 (Red) in infected thigh tissue. CD68 (yellow) was used as marker for immunofluorescence staining for the recognition of
macrophages. Cell nuclei were stained with Hoechst 33342. Scale bar, 50 μm. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 6. a) Histopathology of mouse tissues
following an intravenous injection of
MBTAAG. Representative sections of various
organs taken from control mice receiving
PBS and mice receiving 76.8 mg/kg
MBTAAG 48 h post-injection were stained
by hematoxylin and eosin. (n = 5 for each
group) No organs showed any acute in-
flammations. b) Acute liver toxicity was also
indicated by serum biochemistry index.
ALT: Alanine transaminase, AST: Aspartate
transaminase, UREA: Blood Urea Nitrogen
(BUN), CREA: creatinine. All numerical data
was presented as mean ± SEM (n = 5) and
analyzed by one-way t-test.
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after injections from control mice receiving PBS and mice receiving
MBTAAG were stained by hematoxylin and eosin (Fig. 6a). No liver or
kidney toxicity was observed by evaluating the serum biochemistry
index ALT, AST, Blood Urea Nitrogen (BUN) and creatinine (Fig. 6b).
The absence of immune or inflammatory reactions after MBTAAG ad-
ministration supports the lack of toxicity.

4. Conclusion

Targeting intracellular pathogens has never been achieved by con-
ventional pathogen targeting agents. In this work, we circumvent this
by incorporating a selective metabolic labeling technique for infected
host cell specific targeting. Specifically, we designed a ROS responsive
sugar precursor for selectively labeling host cells invaded by pathogens
both in vitro and in vivo. Such signals reveal the pro-inflammatory status
of the infected cells, resulting a transformable target. By using the op-
tical imaging agent DBCO-Cy5, we achieved highly specific
(P < 0.001), host cell surface targeted imaging of the infection foci in
vivo at the early stages. Our azido sugar MBTAAG offers distinct ad-
vantages for targeting host cells that engulfed pathogens which cannot
be easily achieved by conventional probes. Investigation of host cell
selective metabolic labeling followed by treatment with DBCO-anti-
biotics are currently in progress in our group. This unprecedented host
cell labeling technique coupled with efficient Click Chemistry, opens
new opportunities for the development of infection responsive sugar
precursors for the precise diagnosis and treatment of many infectious
diseases.
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