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has yet achieved success for production of therapeutic antimi-
crobial agents due in large part to the difficulties in penetrating 
the dense outer membrane into bacterial cytoplasm to affect the 
activity of MurD.[13] Also, the efflux pump commonly existed in 
bacteria might lead to the ineffectiveness of these inhibitors.[14]

Here, we propose the design of a novel d-Glu functional-
ized NP targeting toward MurD ligase to achieve efficient 
antimicrobial activity and high selective toxicity. In this study, 
the emerging graphene quantum dot (GQD) was selected as 
a model NP. GQD, generally referring to a kind of quasi-zero-
dimensional NPs with a honeycomb network of sp2-hybrid-
ized carbon atom at the central region and oxygen-containing 
functional groups mainly attached to the carbon atoms at the 
edge, arouses enormous research interests in biomedical fields 
because of its excellent properties such as superior long-term 
biosafety, tunable fluorescence emission, and excellent photo-
stability against photobleaching and blinking, as well as the 
low cost and simplicity of synthesis.[15] Though GQD is inac-
tive against bacteria, its oxygen-containing groups especially 
carboxyl can facilitate its modification with functional mole-
cules,[16] thus imparting antimicrobial potential to it. Our 
experimental studies reveal that the obtained d-Glu-function-
alized GQD (dGG) can penetrate the bacterial cell membrane 
and specifically bind to cytoplasmic MurD to inhibit its cata-
lyzing activity in the intracellular PG biosynthesis, resulting in 
damage of the cell wall, subsequent leakage of cytoplasmic con-
tents, and final killing of bacteria (Scheme 1). Considering the 
lack of endogenously produced d-Glu and related enzymes in 
mammalian cells, dGG hardly targets mammalian proteins to 
affect their functions, thus being harmless to mammalian cells 
during the bactericidal process. In contrast, l-Glu-functional-
ized GQD (lGG) shows a negligible influence on both bacteria 
and mammalian cells. Further theoretical calculation results 
show that there is a significant difference in the binding ability 
between dGG/MurD and lGG/MurD, suggesting that the chiral 
structure of antimicrobial NPs plays an important role in their 
biological activity.

dGG/lGG was prepared by a facile one-pot pyrolysis reaction 
using citric acid as a precursor with addition of d-Glu/l-Glu. 
The Glu group conjugates with the central graphene domain 
via amide bond and remains stable (Figures S1 and S2 in the 
Supporting Information). For comparison, unfunctionalized 
GQD (UG) was also synthesized under the same experimental 
conditions as those used for dGG/lGG, except without adding 
d-Glu/l-Glu. The as-prepared dGGs are uniform and well dis-
persed with an average lateral size of 3 nm (Figure 1a,b), and 
mainly consist of monolayer graphene sheets (Figure S3, 
Supporting Information). The high-resolution transmission 
electron microscopy image shows an in-plane lattice spacing 
of 0.214 nm in dGG, corresponding well to the (100) facet of 

The global spread of bacterial resistance to currently avail-
able antibiotics poses a serious threat to public health and 
underscores an urgent need for new alternative antimicrobial 
agents.[1] The rapid development of nanoscience and technology 
greatly benefits the infectious disease management.[2] Owing to 
superior features such as increased membrane permeability 
and lack of efflux pump compared with traditional antibiotics, 
a series of antimicrobial nanoparticles (NPs) such as nano-
carbon,[3] cationic conjugated polymers,[4] peptide hydrogels,[5] 
semiconductor, and noble-metal NPs[6] possess strong antimi-
crobial activity and are less prone to induce bacterial resistance. 
Nevertheless, most of them have little selective toxicity[2b,7]—an 
indispensable characteristic of an ideal antimicrobial agent, 
which will hinder further antimicrobial applications. Therefore, 
it is highly desirable to seek novel NPs with efficient antimicro-
bial activity and high selective toxicity.

Specifically functionalized NPs can selectively bind biolog-
ical targets,[8] which will provide an opportunity for developing 
novel antimicrobial NPs to address the issue of low selective 
toxicity. Chiral molecular recognition is an effective way of 
binding.[9] Among the chiral molecules, the biomolecule d-glu-
tamic acid (d-Glu) is unique because it is an essential substance 
for synthesis of peptidoglycan (PG)—a vital component of bac-
terial cell wall rather than of mammalian cells—which protects 
bacteria from destruction by high internal osmotic pressure.[10] 
Thus, disruption of the PG biosynthesis by inhibiting the d-Glu 
associated catalytic step can be utilized to eliminate bacteria 
while leaving mammalian cells intact. Addition of d-Glu as 
an important cytoplasmic synthetic step of PG is catalyzed by 
MurD ligase (Scheme 1). Based on the “lock and key” principle 
in enzyme catalysis,[11] MurD ligase possesses high stereochem-
ical selection for its d-Glu substrate. Thus, the derivative of 
d-Glu has been a widely used starting point in design of MurD-
based inhibitors which exert different degrees of inhibition 
effect.[12] However, none of these MurD ligase inhibitors so far 
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graphene (inset I of Figure 1a).[17] The related fast fourier trans-
form (FFT) and reverse FFT pattern display a hexagonal crys-
talline structure in the central region of dGG (insets II and 
III of Figure 1a). The similar morphology and structure were 
observed for lGG and UG (data not shown). The three different 
kinds of GQDs in the phosphate buffer solution (PBS) all 
exhibit a transparent homogeneous phase without any precipi-
tation for at least two years (Figure 1c).

To explore the optical properties of dGG and lGG, fluores-
cence and circular dichroism (CD) spectroscopy were car-
ried out. dGG and lGG have similar strong blue fluorescence 
(maximum 450 nm, 6% quantum yield) and their average 

fluorescence lifetimes were calculated to be 
5.25 and 4.84 ns, respectively (Figure S4, 
Supporting Information). The characteristic 
CD peak of dGG and lGG at around 206 nm 
matches that in the CD spectra of free Glu 
(Figure 1d; Figure S5a, Supporting Informa-
tion). Besides, both dGG and lGG display 
a new absorption band at 230–270 nm with 
opposite signs and similar amplitude, which 
might originate from the π–π* electron tran-
sition of the sp2-hybridized carbon network 
in dGG and lGG (Figure 1d; Figure S5b, 
Supporting Information).[18] However, no 
meaningful CD signal is observable for UG 
or racemic dl-Glu-functionalized GQD (Rac-
GG), confirming the chiral characteristic 
of dGG/lGG. Meanwhile, the physical mix-
ture of UG and d-Glu/l-Glu only shows 
CD absorption at 206 nm further proving 
that d-Glu/l-Glu is modified on dGG/lGG 
through chemical bonding rather than phys-
isorption (Figure S6a, Supporting Informa-
tion). The CD spectra of the Glu enanti-
omers after heating at 200 °C for 25 min 
(Figure S6b, Supporting Information) dis-
play little change compared with those of the 
untreated free Glu enantiomers, suggesting 

that the high-temperature treatment in our pyrolysis reac-
tion does not induce condensation or configuration change of 
Glu[19] and therefore can be excluded as the cause of gener-
ating new CD absorption under our experimental conditions. 
The functional chiral Glu moiety not only preserves its own 
chiroptical property but also induces new chiral absorption of 
the sp2-hybridized carbon structure, indicating that chirality can 
transfer from chiral molecule to achiral nanomaterial.[20]

The antimicrobial activities of chiral NPs were then evalu-
ated by a standard plate count method using Escherichia coli 
and Staphylococcus aureus as the Gram-negative and Gram-pos-
itive model bacteria, respectively. Remarkably, dGG displayed 

a concentration-dependent antibacterial 
activity against E. coli. At a low concentration 
of 5 µg mL−1, an obvious suppression effect 
on bacterial viability (68%) was observed for 
dGG. With increasing the concentrations to 
10, 20, and 32 µg mL−1, dGG could cause a 
88%, 94%, and 99.9% decrease in bacterial 
viability, respectively. The dose-dependent 
antibacterial activity of dGG was also detected 
under the condition that the initial bacterial 
load increased to 5 × 105 colony-forming units 
per milliliter (Figure S7, Supporting Informa-
tion).[21] In contrast, lGG and UG at concen-
trations of 5, 10, 20 and 32 µg mL−1 showed a 
negligible influence on the bacterial viability 
(Figure 2a,b). Similar antimicrobial activi-
ties toward S. aureus were also observed for 
dGG, lGG, and UG (Figure S8, Supporting 
Information). Furthermore, the Live/Dead 
bacterial viability assay was carried out, which 
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Scheme 1. The antimicrobial strategy of chiral NPs. Under the normal growth condition, MurD 
ligase catalyzes the intracellular addition of d-Glu onto the cytoplasmic PG precursor. By con-
secutive addition of other three amino acids and glycosyl transfer, the PG monomer with a 
complete peptide side chain (black dashed circle) is synthesized and then the peptide side 
chains of PG monomers cross-link directly to form a dense PG network. In our work, dGG 
can bind to MurD protein through occupying the active sites for d-Glu substrate owing to the 
favorable steric match. Thus, the catalytic activity of MurD is inhibited and successive addition 
of other amino acids to form peptide side chains is also blocked. After glycosyl transfer, only 
the PG monomer with an incomplete peptide side chain (red dashed circle) is produced and 
the subsequent cross-link process is disrupted, forming a defective PG network which causes 
leakage of cytoplasmic contents and final killing of bacteria. In contrast, lGG shows a negligible 
influence on the catalytic activity of MurD and displays little antimicrobial activity.

Figure 1. Characterization of chiral NPs. a) TEM images of DGG. Inset I, II, and III are the 
HRTEM, corresponding FFT, and reverse FFT images of DGG, respectively. b) Size distribution 
of DGG. c) Photographs of (A) DGG, (B) LGG, and (C) UG dissolved in PBS. d) CD spectra of 
DGG, LGG, UG, and Rac-GG. The CD resolution is 0.01 mdeg at ±200 mdeg full scale in our 
measuring system.
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can distinguish between live cells with intact membranes and 
dead cells with damage membranes. The result indicates that 
most bacteria treated with dGG (>99%) were dead, similar to 
the positive control treated with 75% ethanol; while the bacteria 
treated with lGG and UG showed a 95% survival rate which 
was comparable to the negative control treated with normal 
saline (Figure 2c). The result is well consistent with that deter-
mined by the plate count method and also demonstrates that 
the cell membranes are destroyed after incubation with dGG.

A good antimicrobial agent needs selective toxicity against 
bacteria over host cells.[22] In order to assess the cytotoxicity 
of chiral NPs to mammalian cells, the human cervical carci-
noma epithelial cell line Hela and human neuroblastoma cell 
line SH-SY5Y were employed. Even at a higher concentration 
of 280 µg mL−1 (14 times of the 94% minimal inhibitory con-
centration), both chiral NPs and UG exhibit little influence on 
the growth and proliferation of Hela/SH-SY5Y cells with the 
viability of about 80% (Figure S9, Supporting Information), 
indicating their good biocompatibility. Although GQD with 
the assistance of irradiation or addition of H2O2 was reported 
for antibacterial application,[23] the toxicity caused by the large 
amount of produced reactive oxygen species compromised its 
biosafety in either case. Compared with other reported gra-
phene-based NPs, such as graphene oxide (GO) and reduced 
GO, dGG displays much stronger antimicrobial activity and 
substantially lower mammalian cytotoxicity (see the Sup-
porting Information for details).[24] In addition, considering 
lack of endogenously produced d-Glu and corresponding d-Glu 
receptor proteins in mammalian hosts, dGG hardly targets 

mammalian proteins to affect their functions, 
and therefore displays high selective toxicity 
toward bacteria.

To understand the cellular mechanism 
for the antimicrobial action of chiral NPs, 
we investigated the uptake of these mate-
rials into bacteria by utilizing their intrinsic 
fluorescence and their effects on bacterial 
morphology. Four groups of E. coli were 
respectively incubated with dGG, lGG, and 
UG at a sublethal dose (20 µg mL−1) and 
with normal saline as the untreated control 
for 3 h. Then, cell membranes were stained 
with a red fluorescent dye FM4-64.[25] Upon 
excitation at 405 and 515 nm, the red fluores-
cence surrounds the inner blue fluorescence 
of chiral NPs and UG compared with the 
circumjacent red fluorescence of the untreat-
ment group, demonstrating efficient inter-
nalization of all three kinds of GQDs into 
the bacteria (Figure 3a). Then, morphology 
changes of the bacteria were investigated by 
scanning electron microscopy (SEM). The 
E. coli incubated with dGG shows serious 
damage in the cell wall and leakage of cel-
lular contents, while nearly all E. coli cells 
treated with lGG and UG still preserve quite 
complete cell wall similar to the untreated 
E. coli with smooth cell wall (Figure 3a). In 
addition, the leakage of cellular contents was 

further confirmed by quantitative analysis of the changes in the 
OD260 and OD280 of the bacteria suspension (Figure S10, Sup-
porting Information). The observed severe destruction of the 
cell wall and cellular content leakage induced by dGG corrobo-
rates its strong antimicrobial activity.

For thoroughly understanding the antimicrobial mechanism 
of chiral NPs at the molecular level, the binding interaction 
and corresponding inhibitory effect of dGG/lGG on the d-Glu-
adding enzyme—MurD ligase—were studied by microscale 
thermophoresis (MST) measurement, CD spectroscopy, and 
enzymatic activity assay. The MST result (Figure 3b) displays 
that the binding between dGG and the recombinant MurD 
protein is saturated at a relatively low concentration with an 
equilibrium dissociation constant of about 300 × 10−6 m. The 
high affinity and low capacity of the binding interaction indicate 
that dGG can specifically bind to MurD ligase.[26] In contrast, 
lGG and UG exhibit much weaker binding ability to MurD pro-
tein. Then, the protein secondary structure changes of MurD 
after interaction with chiral NPs were examined by CD spec-
troscopy. Compared with the free MurD, MurD complexed 
with 4 × 10−6 m of dGG displays a reduction in the CD ellip-
ticity in the range of 200–230 nm, and a further decrease when 
increasing the concentration of dGG to 16 × 10−6 m (Figure 3c; 
Table S1, Supporting Information). While no meaningful alter-
ation in the intensity of the characteristic CD peak was detected 
for MurD complexed with lGG (4 × 10−6 and 16 × 10−6 m). The 
significant change in the secondary structure of MurD protein 
indirectly confirms the strong binding interaction between dGG 
and MurD, and also suggests a possible inhibitory effect of 
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Figure 2. The antimicrobial activities of chiral NPs. a,b) Antimicrobial activities of the chiral 
NPs and UG against E. coli evaluated by a standard plate count method, **P < 0.01. c) Live/
dead fluorescence images of E. coli samples. Viable cells are green fluorescent and dead cells 
are red fluorescent. Scale bars, 10 µm. Columns and error bars represent the mean and the 
standard deviation, respectively, of at least three independent experiments.
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dGG on MurD. Last, the catalyzing activity of MurD ligase after 
treatment with dGG was investigated to evaluate the inhibitory 
effect of dGG. After incubating MurD with 17 × 10−6, 34 × 10−6, 
69 × 10−6, 138 × 10−6, 275 × 10−6, and 550 × 10−6 m of dGG, its 
enzymatic activity was decreased by 4%, 12%, 18%, 25%, 54%, 

and 89%, respectively (Figure 3d). In con-
trast, nearly 90% of relative enzymatic activity 
was retained for MurD after incubation with 
UG or lGG at the above same concentra-
tions, demonstrating a negligible inhibitory 
effect on MurD for UG and lGG. Addition of 
Glu to the cellular PG precursor catalyzed by 
MurD ligase is an essential step for intracel-
lular PG biosynthesis, therefore, inhibition 
of MurD activity after binding dGG plays a 
predominant role in causing the destruction 
of cell wall by disrupting the intracellular PG 
biosynthesis.

The underlying mechanism of the dif-
ferent inhibitory effect of chiral NPs 
on MurD enzymatic activity was finally 
elucidated via molecular dynamics (MD) 
simulations using the simplified NP models 
(see the Supporting Information for details). 
During the 10 ns MD simulation, dGG 
has much larger root-mean-square devia-
tion variation than lGG (Figure S11, Sup-
porting Information), indicating that it has 
a greater change in conformation and the 
interactions of different chiral NPs with 
MurD may be different. And a consider-
able number of aromatic amino acids are 
distributed at the active site of MurD with 
most atoms at the active site being neutrally 
charged (Figure S12, Supporting Informa-
tion); thus, the hydrophobic π-conjugated 
domain of chiral NPs can facilitate binding 
to such a nonpolar active site. The calcu-
lated total binding free energy (ΔGtot) of 
the dGG/MurD complex is 3.68 kcal mol−1 
lower than that of the L-type complex, and 
the driving force is found to be the van der 
Waals energy (Figure 4a; see the Supporting 
Information for details). It should be noted 
that this energy difference is quite large in a 
thermodynamic sense,[27] comparable to the 
Gibbs free energy of formation of gaseous 
ammonia (−3.92 kcal mol−1),[28] suggesting 
that the binding interaction of MurD with 
dGG is much stronger than that with lGG.

To investigate the key amino acid residues 
in MurD responsible for the significant dif-
ference of ΔGtot between the dGG/MurD 
and lGG/MurD complexes, the binding 
free energy decomposition was performed. 
The result reveals that there are six key 
residues contributing to this energy differ-
ence (Figure 4b). Among these residues, five 
residues exhibit stronger binding affinity for 

dGG than for lGG, and only Arg37 displays a weaker binding 
affinity for dGG in comparison with that for lGG (Figure S13, 
Supporting Information). Especially, Phe161 and Pro72 show 
much higher energy contributions to ΔGtot of the dGG/MurD 
complex (−1.61 and −3.61 kcal mol−1) than those to ΔGtot of the 
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Figure 3. Antimicrobial mechanism of DGG. a) The structured illumination microscopy (SIM) 
and SEM images of the E. coli after incubated with DGG, LGG, and UG at 20 µg mL−1 and with 
normal saline as the untreated control for 3 h, respectively. Scale bars, 5 µm (SIM images in the 
first row), 1 µm (large-scale images in the second row), and 500 nm (zoomed-in images in the 
third row, and the yellow arrow indicates the leaked cellular contents). b) Binding curves derived 
from the specific change in the thermophoretic mobility of MurD protein upon titration with 
DGG, LGG, and UG, respectively. c) The far-UV CD spectra of MurD proteins after incubation 
with DGG and LGG (4 and 16 × 10−6 m), respectively, at 25 °C for 60 min. The untreated MurD 
protein was taken as a control. d) The relative enzymatic activity of MurD ligase after treatment 
with DGG, LGG, and UG at different concentrations in the range of 0–550 × 10−6 m. Columns 
and error bars represent the mean and the standard deviation, respectively. Three independent 
experiments were performed in triplicate.
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L-type complex (−0.45 and −2.95 kcal mol−1) through perpen-
dicular (T-shaped) and parallel-displaced π–π interaction with 
the planar π-conjugated domain of chiral NPs, respectively 
(Figure 4c). The vertical distances from Phe161 and Pro72 
to the planar π-conjugated domain in the dGG/MurD com-
plex are respectively 1.4 and 3.4 Å, much shorter than those 
(6.9 and 4.2 Å, respectively) in the L-type complex, indicating 
that dGG is more favorable for MurD binding than its L-type 
counterpart. Since hydrogen bonding is an important intermo-
lecular interaction in biological systems, a further analysis on 
it in the chiral NP/MurD complexes was also performed. The 
data of hydrogen bond occupancy reveals that the hydrogen 
bonding in the D-type complex is stronger than that in the 
L-type (see Table S2 and Figure S14 in the Supporting Infor-
mation for details), showing that the stereo-configuration of 
Glu moiety is critically important for the selective binding 
interaction between chiral NPs and MurD. The above results 
indicate that the thermodynamic stability of dGG/MurD com-
plex is higher than that of the L-type complex considering that 
dGG shows favorable stereo adaption to MurD. For our chiral 
NP/MurD complexes, a new chiral activity is induced in chiral 
NP, and the noncovalent interactions (van der Waals forces and 
hydrogen bonding) between MurD and two moieties of chiral 
NPs work together to cause the enzymatic inhibition and final 
antibacterial activity, which is similar to the induced chirality 
and synergistic effect in the chiral supramolecular system.[29] 
The binding of dGG to the active site of MurD can prevent the 
Glu substrate from binding to the same active site and thereby 

inhibit the enzymatic activity. Considering that the crystal 
structure of MurD ligase shows a flexible active cleft[30] with 
the size of several nanometers (Figure S11b, Supporting Infor-
mation), the single-atomic-layer dGG with an average size of 
3 nm is suitable for docking in the flexible cleft of MurD ligase 
and thus possesses potential antimicrobial activity. The current 
work was undertaken as a proof of concept about the influ-
ence of chirality on the antibacterial activity and its selective 
toxicity of the nanoparticle. Many research studies indicate that 
the NP size is a key parameter for its toxicity to bacteria and 
mammalian.[31] In addition to the size effect, the nonspecific 
adsorption on the surface of NPs might affect their binding 
interaction with the targets, and the final toxicity to bacteria 
and mammalian cells (Figure S15, Supporting Information). 
Work on systematic optimization of the NP size and surface 
modification is ongoing in our group to further promote the 
antimicrobial performance and selective toxicity of NPs.

In summary, we have developed a novel chiral biomole cule 
(d-Glu) functionalized GQD with effective antimicrobial activity 
and high selective toxicity against microorganism over mamma-
lian cells. Our cellular level experiments show that dGG can be 
taken up into bacteria and cause severe damage of the cell wall, 
thus exerting efficient antimicrobial activity against both Gram-
negative and Gram-positive bacteria, while its counterpart lGG 
displays negligible antimicrobial activity. Meanwhile, our mole-
cular level experiments reveal that dGG can bind to MurD ligase 
and change its secondary structure, inhibit MurD from cata-
lyzing the intracellular biosynthesis of PG, and therefore disrupt 
the formation of integral cell wall. Futhermore, the theoretical 
investigation reveals that the binding between MurD and dGG 
especially the van der Waals and hydrogen bonding interaction is 
stronger than that of lGG/MurD, which might contribute to the 
higher inhibitory effect of dGG. In addition, the unique presence 
of d-Glu and MurD protein in bacteria rather than in mamma-
lian cells contributes to the selective toxicity of dGG toward bac-
teria over mammalian cells. Our deliberate and effective antimi-
crobial strategy provides insights for development of novel chiral 
antimicrobial NPs with high efficiency and excellent biosafety.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements
Q.X., Q.L., and L.G. contributed equally to this work. The authors 
acknowledge the financial support from the National Natural Science 
Foundation of China (Grant Nos. 21573049, 21422303, and 81602643), 
National Key R&D Program “nanotechnology” special focus (Grant 
No. 2016YFA0201600), Beijing Natural Science Foundation (Grant 
No. 2142036), Knowledge Innovation Program and Youth Innovation 
Promotion Association of CAS, and the CAS Key Laboratory for 
Nanosystem and Hierarchical Fabrication. The authors also thank 
Prof. Mingjuan Ji (School of Chemistry and Chemical Engineering, 
University of CAS) for providing SYBYL software.

Received: September 2, 2016
Revised: November 29, 2016

Published online: 

www.advhealthmat.de

Adv. Healthcare Mater. 2017, 1601011

www.advancedsciencenews.com

Figure 4. Different binding interactions of MurD ligase with DGG and 
LGG. a) Binding free energy of the DGG/MurD and LGG/MurD com-
plexes, respectively. ΔEvdw and ΔEele are the van der Waals and electro-
static energy, respectively. ΔGGB corresponds to the polar desolvation free 
energy, while ΔGSA stands for the nonpolar component of desolvation 
free energy. ΔGtot is the calculated total binding free energy without con-
sideration of conformational entropy. b) The key residues contributing 
to the difference in the total binding free energy (shown as hot pink and 
blue sticks in the ligand-binding sites for DGG and LGG, respectively). 
c) The perpendicular (T-shaped) and parallel-displaced π–π interactions 
between the planar π-conjugated domain of chiral NPs and Phe161 and 
Pro72 in MurD ligase, respectively.
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