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Targeted photothermal release of antibiotics by a
graphene nanoribbon-based supramolecular
glycomaterial†
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Yiyong Mai, b Daijie Chen, c Xi-Le Hu, *a Lei Zou, *a Tony D. James *ef

and Xiao-Peng He *ad

Here, we report the simple construction of a supramolecular

glycomaterial for the targeted delivery of antibiotics to P. aerugi-

nosa in a photothermally-controlled manner. A galactose-pyrene

conjugate (Gal-pyr) was developed to self-assemble with graphene

nanoribbon-based nanowires via p–p stacking to produce a supra-

molecular glycomaterial, which exhibits a 1250-fold enhanced

binding avidity toward a galactose-selective lectin when compared

to Gal-pyr. The as-prepared glycomaterial when loaded with an

antibiotic that acts as an inhibitor of the bacterial folic acid

biosynthetic pathway eradicated P. aeruginosa-derived biofilms

under near-infrared light irradiation due to the strong photother-

mal effect of the nanowires accelerating antibiotic release.

Bacterial infection is a global public health problem that results
in nearly five million deaths annually.1 With the overuse of anti-
biotics, a number of multidrug-resistant bacteria have emerged,

which poses significant challenges to clinicians as well as to the
pharmaceutical industry.2 Consequently, numerous and elegant
systems based on a variety of organic and inorganic materials have
been developed for the enhanced delivery of antibiotics to bacterial
cells.3 Moreover, smart delivery systems for stimulus-responsive
release of antibiotics based on metal-organic frameworks, hydro-
gels, organic polymers and inorganic nanoparticles, which could be
selectively activated by specific microenvironmental factors (e.g., pH,
thiols, ROSs) at the infection site, have also been recently
developed.4

To enhance the precision with which antibiotics are deliv-
ered to bacteria, antibody-antibiotic conjugates (AACs) have
been developed.5 However, the expression and purification of
antibodies are labor-extensive and expensive, and the covalent
coupling between antibodies and small-molecule antibiotics is
generally low in yield. Therefore, the development of alternative
strategies to achieve targeted antibiotic delivery remains an
unmet need.

Selective sugar-protein interactions are implicated in several
important biological processes.6 Bacteria are known to express
functional sugar-recognition proteins (or lectins). For example,
the adhesive protein, FimH expressed by the uro-pathogenic
Escherichia coli (UPEC), facilitates bacterial adhesion to urinary
epithelium through selective recognition of the mannosyl resi-
dues on the surface of epithelial cells.7 Soluble lectins, Lec A
and Lec B, expressed by Pseudomonas aeruginosa (P. aeruginosa)
selectively bind to galactose and fucose, respectively, facilitat-
ing the adhesion of P. aeruginosa to endothelial cells.8 By
targeting bacterial lectins, a variety of glycoclusters and glyco-
polymers have been synthesized for blocking bacterial adhe-
sion to host cells.9

Here, we report a simple strategy for the construction of
supramolecular glycomaterials capable of the targeted delivery
of antibiotics to P. aeruginosa that express Lec A and Lec B. We
synthesized a pyrene-modified galactoside that targets Lec A of
P. aeruginosa. Since multivalency is important for monosac-
charides to achieve high-avidity binding with lectins, we used
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graphene nanoribbon-based nanowires whose photothermal
conversion efficiency has proven to be higher than those of
several popular low-dimensional materials including gold
nanoparticles, single-walled carbon nanotubes, graphene oxide
and thin-layer molybdenum disulfide as a backbone to cluster
the pyrenyl galactosides (Fig. 1).10 The glycomaterial could load
a variety of different antibiotics and exhibited near-infrared
(NIR) light-activated release of the antibiotics to P. aeruginosa
facilitated by sugar-lectin recognition.

The pyrene-modified galactoside (Gal-pyr) was synthesized
using the Cu(I)-catalyzed azide–alkyne 1,3-dipolar cycloaddition
(CuAAC) click reaction between an azido b-O-galactoside and N-
propynyl pyrene in 82% yield (Scheme S1, ESI†). PEG-pyr with-
out the galactosyl group was synthesized as a control (Scheme
S1, ESI†). Then, Gal-pyr and/or PEG-pyr was self-assembled
with the nanowires formed from the previously synthesized
water soluble GNR-PEO via p–p stacking,11 generating supra-
molecular glycomaterials (PEG-pyr/Gal-pyr/GNR-PEO).

We used transmission electron microscopy (TEM) for mor-
phological characterization. From representative TEM images,
we observed wire-like microstructures for the GNR-PEO-based
nanowires (Fig. 2a),12 and particle-like species corresponding to
PEG-pyr and Gal-pyr aggregates were seen on the surface of the
nanowires for PEG-pyr/Gal-pyr/GNR-PEO (Fig. 2b). The absolute
zeta potential for PEG-pyr/Gal-pyr/GNR-PEO was larger than
that of the GNR-PEO-based nanowire when dispersed in deio-
nized water (Fig. 2c) as determined by dynamic light scattering.
This suggests that the presence of the pyrenyl galactosides
enhances the aqueous stability of the nanowires.13 Increasing
concentrations of GNR-PEO-based nanowires added to deio-
nized water solutions of Gal-pyr gradually quenched the

fluorescence of the latter (Fig. 2d), which is probably due to
the Förster resonance energy transfer from pyrene to the GNR-
PEO after self-assembly.14 Moreover, the amount of PEG-pyr
and Gal-pyr on the nanowires was quantified using the
anthrone method (Fig. S1, ESI†) and thermal gravimetric
analysis (Fig. S2, ESI†).

Next, we measured the binding strength between the supra-
molecular glycomaterials and peanut agglutinin (PNA), a plant
lectin known to selectively recognize galactose. A well-
established fluorescence titration assay15 was used to deter-
mine the binding constant (Ka) between the materials and PNA
(Fig. S3 and S4, ESI†). Since the regular distribution of glycosyl
groups on a material backbone is crucial for lectin binding,16

we prepared a series of supramolecular glycomaterials contain-
ing both PEG-pyr and Gal-pyr with GNR-PEO at different molar
ratios. We envisioned that the co-existence of PEG-pyr on the
surface of GNR-PEO would disperse the Gal-pyr molecules
thereby facilitating a more effective binding with the oligomeric
lectins. Indeed, using a fluorescence titration assay, we deter-
mined that the binding constant (Ka) of the glycomaterials
differs as the molar ratio of PEG-pyr and Gal-pyr changes. A
PEG-pyr/Gal-pyr ratio of 3 : 7 resulted in the strongest binding
with PNA (Ka = 1.1 � 108 M�1) and increasing the ratio from 4 : 6
to 9 : 1 resulted in a decrease of the Ka (Table S1, ESI†).
Significantly, the Ka of GNR-PEO with a PEG-pyr/Gal-pyr ratio
of 3 : 7 was ca. 1250-fold stronger than that of just Gal-pyr
(Ka = 0.009 � 107 M�1), confirming that our supramolecular
strategy enhances the binding avidity of the glycomaterial with

Fig. 1 (a) Structure of galactosyl pyrene (Gal-pyr) and poly(ethyleneglycol)
(PEG)-modified pyrene (PEG-pyr). (b) Schematic illustration of the supramole-
cular glycomaterial formed between Gal-pyr, PEG-pyr and a graphene nanor-
ibbon (GNR-PEO)-based nanowire for high-avidity binding with oligometric
lectins.

Fig. 2 (a) Transmission electron microscopic images of GNR-PEO
(7.5 mg mL�1) and the supramolecular glycomaterial (PEG-pyr/Gal-pyr/
GNR-PEO = 3 mM/7 mM/7.5 mg mL�1); the white arrows indicate the
Gal-pyr/PEO-pyr aggregates assembled onto the surface of GNR-PEO-
based nanowires, and the yellow arrows measure the widths of nanowires.
(b) Zeta potential of GNR-PEO (7.5 mg mL�1) and the supramolecular
glycomaterial (PEG-pyr/Gal-pyr/GNR-PEO = 3 mM/7 mM/7.5 mg mL�1) in
deionized water. (c) Fluorescence spectra of Gal-pyr (7 mM) with increasing
concentrations of GNR-PEO (0–12 mg mL�1) in deionized water (excitation
wavelength = 370 nm).
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PNA. A thorough comparison to previously developed glycoclus-
ters and glycopolymers suggests that our supramolecular gly-
comaterial is among the strongest in terms of PNA binding
(Table S2, ESI†). To prove that the binding is dependent on
galactose-PNA recognition, we pre-treated PNA with an excess
of free b-D-galactose (Gal) (10 mM). This resulted in an 18000-
fold decrease in binding constant (Ka = 6.2 � 103 M�1) between
the glycomaterial and PNA (Fig. S5, ESI†).

Trimethoprim (TMP) is a commercial antibiotic that inhibits
dihydrofolate reductase (DHFR) conserved in bacterial species,
resulting in bacterial death due to a lack of folic acid.17 To
prepare the antibiotic-loaded system (TMP/PEG-pyr/Gal-pyr/
GNR-PEO), TMP was added to a deionized water solution of
PEG-pyr/Gal-pyr/GNR-PEO, followed by sonication (100 W) for
60 min. The loading efficiency of PEG-pyr/Gal-pyr/GNR-PEO for
TMP was determined to be 69.7% with a loading of
691 mg mL�1 (Fig. S6a, ESI†). We then evaluated whether the
photothermal properties of the GNR-PEO nanowire could facil-
itate the release of TMP from the glycomaterial. A deionized
water solution of TMP/PEG-pyr/Gal-pyr/GNR-PEO was irra-
diated with 808 nm laser for 0–12 h, centrifuged, and then
the supernatants were collected and analyzed using UV-vis
spectroscopy to monitor TMP release. A minimal amount of
TMP was detected in the supernatants in the absence of
light irradiation over 12 h (Fig. S6b, ESI†), however, when
light irradiation was applied the antibiotic was released
from the glycomaterial system at a rate of 29.2 mg mL�1 per
hour (Fig. S6c, ESI†). This suggests that the heat genera-
ted in situ by GNR-PEO-based nanowires upon NIR light irra-
diation enables a photothermally-controlled release of the
antibiotic.18

Next, we evaluated the antibacterial activities of the supra-
molecular glycomaterial. TMP/GNR-PEO without and with a
PEG-pyr/Gal-pyr ratio of 3 : 7 was incubated with P. aeruginosa
(ATCC 27853) for 3 h without (�) or with (+) 808 nm light
irradiation. TMP, TMP/PEG-pyr/Gal-pyr (3 : 7) and TMP/GNR-
PEO were used as control. We first determined that TMP/GNR-
PEO without PEG-pyr/Gal-pyr loading was slightly toxic to

P. aeruginosa in the absence (59.8% viability) and presence (44.2%
viability) of light irradiation. The bacterial viability of the TMP/PEG-
pyr/Gal-pyr/GNR-PEO group was found to be 50.3%. This value
further decreased to 22.4% when light irradiation was applied,
which is significantly lower than those of TMP (60.9%) and mixtures
of TMP and PEG-pyr/Gal-pyr (3 : 7) (61.6%) groups (Fig. 3a). These
results suggest that the supramolecular glycomaterial facilitates the
delivery of TMP to P. aeruginosa cells in a photothermally-driven
manner. A competition assay by pre-treatment with free D-galactose
of the P. aeruginosa reduced the activity of the glycomaterial by
22.5% (Fig. S7, ESI†). This suggests that the antibacterial activity of
TMP/PEG-pyr/Gal-pyr/GNR-PEO is dependent on galactose-Lec A
recognition.

The generality of the glycomaterial system was examined
using two additional antibiotics, levofloxacin (Lev) and
cefoperazone-sulbactam (Cef-sul). We determined that the
Lev/PEG-pyr/Gal-pyr/GNR-PEO and Cef-sul/PEG-pyr/Gal-pyr/
GNR-PEO material with 808 nm light irradiation exhibited a
1.85-fold and 1.70-fold improved antibacterial activity than Lev
(Fig. 3b) and Cef-sul (Fig. 3c) alone, respectively. This suggests
that the glycomaterial is generally suitable for targeted delivery
of structurally different antibiotics.

Finally, the supramolecular glycomaterial was used to era-
dicate biofilms formed by P. aeruginosa. We determined that
the addition of just TMP or PEG-pyr/Gal-pyr/GNR-PEO
to the biofilm induced 31% and 24% bacterial death, as well
as a decrease in CFU (colon-forming units) count to
103.9 cells per mL and 104.3 cells per mL, respectively (Fig. 4).
The use of TMP/PEG-pyr/Gal-pyr/GNR-PEO without light caused a
moderate level of bacterial death (51% dead bacteria) and a
decrease in CFU count to 102 cells per mL, which suggests that
the antibiotic was slowly released in the complicated environment
of the biofilm. Notably, while no substantial changes in antibac-
terial effect were observed for TMP or PEG-pyr/Gal-pyr/GNR-PEO
under NIR light irradiation, the use of light enhanced the activity
of TMP/PEG-pyr/Gal-pyr/GNR-PEO to eradicate the biofilm (74%
dead bacteria detected) and caused a decrease in CFU count to
101.5 cells per mL. The results from the staining method agrees

Fig. 3 Viability of P. aeruginosa (ATCC 27853) in the absence and presence of (a) TMP (150 mg mL�1), TMP/PEG-pyr/Gal-pyr (150 mg mL�1/6 mM/14 mM),
TMP/GNR-PEO (150 mg mL�1/15 mg mL�1) and TMP/PEG-pyr/Gal-pyr/GNR-PEO (150 mg mL�1/6 mM/14 mM/15 mg mL�1), (b) Lev (0.25 mg mL�1), Lev/
PEG-pyr/Gal-pyr (0.25 mg mL�1/6 mM/14 mM), Lev/GNR-PEO (0.25 mg mL�1/15 mg mL�1) and Lev/PEG-pyr/Gal-pyr/GNR-PEO (0.25 mg mL�1/6 mM/14
mM/15 mg mL�1), and (c) Cef-Sul (2 mg mL�1), Cef-Sul/PEG-pyr/Gal-pyr (2 mg mL�1/6 mM/14 mM), Cef-Sul/GNR-PEO (2 mg mL�1/15 mg mL�1) and Cef-Sul/
PEG-pyr/Gal-pyr/GNR-PEO (2 mg mL�1/6 mM/14 mM/15 mg mL�1) with and without NIR light irradiation (808 nm, 1 W cm�2, 15 min). Error bars mean
standard deviation (n = 3); ***P o 0.001.
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well with those from the counting method, confirming that the
system is applicable for the photothermally-controlled release of
antibiotics in bacterial biofilms.

In summary, we developed a supramolecular glycomaterial, in
which the multivalent exposure of pyrenyl galactose on the surface
of GNR-PEO-based nanowire resulted in high binding avidity with
PNA. The glycomaterial achieved the targeted release of antibiotics
to P. aeruginosa in a photothermally-controlled fashion. This led to
the effective eradication of biofilms formed by P. aeruginosa. This
research provides new insight into the development of supramole-
cular glycomaterials for the targeted, photocontrolled release of
antibiotics for the effective treatment of bacterial infections.
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PEO (6 mM/14 mM/15 mg mL�1) and TMP/PEG-pyr/Gal-pyr/GNR-PEO
(150 mg mL�1/6 mM/14 mM/15 mg mL�1) without and with light irradiation
(808 nm, 1 W cm�2, 15 min). Error bars mean standard deviation (n = 3).
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