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ABSTRACT:Nanocomposites and hybrid materials of Ag�1,3,5-
benzenetricarboxylic acid metal�organic frameworks (MOFs) with S-
and N-carbon quantum dots (CQDs) were synthesized and evaluated for
their antibacterial activity against representative Gram-positive (Bacillus
subtilis) and Gram-negative (Escherichia coli) bacterial strains using the
qualitative disk-di� usion approach and the quantitative minimum
inhibitory concentration test. The composites and hybrids were found
to be nontoxic to living cells. The composite formation fostered a
synergistic e� ect that enhanced their antibacterial activity compared with
those of their pristine components. Charge transfer from AgMOF to
CQDs facilitated the electrostatic interactions of the composites and hybrids with the bacterial cell membranes. Enhanced
bactericidal activity was linked to morphological features (a nanorod-like morphology) and speci� c surface chemistry. The latter
a� ected the release of silver. Silver on the surface of the MOFs rather than silver in the bulk was found to be important. The
destruction of the MOF component in the extracellular environment led to the release of silver ions, which have a high a� nity
to S compounds of the cell physiology. The formation of metallic silver (Ag°) and silver sul� des (Ag2S) was suggested as
essential for the ability of the composites and hybrids to inhibit bacterial growth. To the best of our knowledge, this is the� rst
study that introduces the bactericidal e� ect of AgMOF�CQDs composites and hybrids.
KEYWORDS:carbon quantum dots, metal�organic framework, composites, antibacterial activity, synergy, silver

1. INTRODUCTION
Over the years, Ag-based compounds and silver nanoparticles
(Ag-NPs) have been reported as having strong antibacterial
activities, and thus, acting as replacements for antibiotics.1

Ag(I) N-heterocyclic carbine complexes,2 Ag-NPs with
amphiphilic hyper branched macromolecules3 or Ag-coordina-
tion polymer compounds,4 for example, have been shown to
exhibit a marked bactericidal e� ect. This e� ect was linked to
the release of Ag ions (Ag+) of strong bactericidal proper-
ties.1,5,6

Metal�organic frameworks (MOFs) are a relatively new
class of coordination polymers that have attracted intense

interest recently. They are formed by a self-assembly of metal
cations with polyatomic bridging organic linkers (ligands)
through several types of bonding including metal coordination,
electrostatic interactions,� �� stacking, and hydrogen bonding.
The most commonly used organic linkers employed in the
design of MOFs are derivatives of carboxylic and phosphonic
acids.2 Owing to the diversity of the metal centers, organic
ligands, and very high apparent surface areas of MOF-type
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materials, they have found a wide range of applications
including gas storage, separation, puri� cation, chemical
sensing, catalysis and drug delivery.7�14

Recently, based on the strong antimicrobial activity of silver,
there has been growing interest in the evaluation of silver
containing MOFs as bactericidal agents. Lu and co-workers
synthesized two Ag-carboxylate-based MOFs that showed a
high antibacterial activity toward a Gram-positive (e.g.,
Staphylococcus aureus) and a Gram-negative (e.g.,Escherichia
coli) bacteria.15 The zone inhibition tests indicated that Ag-
MOFs showed greater antibacterial activities compared with
commercial Ag-NPs. This behavior was linked to several
factors/mechanisms including (a) the cell damage caused by
the penetration of MOFs inside the bacteria cells, (b) the
disruption of the bacterial membrane integrity due the direct
interactions of the Ag+ with thiol groups of proteins, (c) the
formation of reactive oxygen species (ROS), and (d) the
formation of bonds between the functional groups of the
organic linkers and the cell cations (Ca2+ and Mg2+). The
results clearly demonstrated that both metal centers and
organic linkers of Ag-MOFs play an important role in the
antimicrobial activity. In another study, the antibacterial
activity of Ag-MOF Ag3(3-phosphonobenzoate) was evaluated
toward six di� erent bacterial strains by directly placing the
sample in its powdered form onto agar plates.2 Once again, the
results revealed an inhibition of the bacterial growth, which
was linked to the release of Ag+.

Graphene and its derivatives have been addressed in several
studies for their cytotoxic e� ect toward Gram-positive (e.g.,S.
aureus) and Gram-negative (e.g.,E. coli) bacteria.16 A
graphene-induced cell damage was linked to both physical
and chemical e� ects. While the physical e� ect is related to the
cell damage caused by the sharp edges of the graphene
nanosheets,17,18 the chemical e� ect involves an oxidative stress
induced by the generation of reactive oxygen species (ROS),
oxidation of cellular components, and charge transfer.18

Furthermore, direct interactions of graphene-based materials
with cell membranes have been also reported as leading to a
loss of the bacterial membrane integrity.17,19 In this case, the
bactericidal property and e� ect highly depends on the diversity
of surface functional groups and on surface charges. Thus, for
graphene oxide (GO), a reduced cell viability was linked to the
degradation of the bacterial membranes caused by the strong
electrostatic interactions between negatively charged O-
containing functional groups and positively charged lipids of
the cell membranes.20�22 Moreover, the dissociation of oxygen
containing groups of GO (hydroxyl and carboxyl groups),
which caused a decrease in the pH of the bacterial
microenvironment, was also found to contribute to the
bactericidal e� ect.18

Even though silver nanoparticles (AgNPs) are known for
their high bactericidal e� ect23,24 related to the release of Ag+,
upon their contact with the bacteria, they tend to form
aggregates, which limit their activity due to the loss of the
active surface area. Thus, graphene-based nanocomposites
were reported as e� cient media to overcome this limitation.
Carbon-based materials such as carbon nanotubes (CNTs),
graphene, or graphene oxide were used to synthesize those
silver-based nanocomposites. Dong and co-workers25 reported
the antibacterial activity of Ag-CNTs against Gram-positive
and Gram-negative bacterial strains. A synergy between Ag-
CNTs and other oxidizing antimicrobial agents (NaOCl or
H2O2) was found to enhance cell-membrane damage. In

another study,20 the cytotoxicity of a graphene oxide�silver
nanocomposite against macrophage cells was addressed. The
composite showed a higher toxicity toward these cells
compared with its pristine components. Even though silver
in graphene- or carbon-nanotube-based nanocomposites
showed enhanced bactericidal activities, a toxic e� ect related
to the carbonaceous phase18 (CNTs or GO) against
mammalian cells26 is a challenge to overcome prior to their
usage in clinical applications.

Graphene quantum dots (GQDs) that have been reported as
having no apparent toxicity27�29 are among other carbona-
ceous nanostructures that are good candidates for the
formation of graphene-based nanocomposites acting as
bactericidal agents. Habiba and co-workers showed that Ag-
NPs decorated with graphene quantum dots (GQDs)
exhibited an enhanced bactericidal e� ect against both Gram-
negative and Gram-positive bacteria compared with their
pristine components.30

Carbon quantum dots (CQDs) are a new class of metal-free
� uorescent nanoparticles that have attracted increasing
interest.31,32 They consist of an angstrom-sized carbon core
surrounded by amorphous carbon frames. CQDs, reported as
being nontoxic,31,33 have been used in various biological
applications including drug and gene delivery, bacterial
imaging and sensing.34�36 Very few studies have been reported
on their usage as antibacterial agents.34,37�39 In that case, a
bactericidal activity was linked mainly to the surface charge of
CQDs. These materials interacted with the surface of the
bacterial cells through electrostatic forces and thus disrupted
the integrity of the cell membrane, leading to bacterial
death.34,37,38 In our previous study, we examined the role S
and N heteroatoms incorporated into CQDs in the bactericidal
activity of CQDs against Gram-negative (E. coli) and Gram-
positive (B. subtilis) bacterial strains.40 The disk-di� usion
studies revealed greater e� ectiveness of N-CQDs compared to
that of S-CQDs. The antibacterial activity of CQDs was linked
to both their speci� c surface chemistry (speci� c con� guration
of the heteroatoms), and their nanometer-range sizes. The
protonated forms of amides and amines were suggested as
playing the most important role in the bactericidal function of
N-CQDs. They either electrostatically interacted with lipids of
a bacterial cell membrane or activated oxygen species.
However, S-CQDs, which contained mainly sulfonic and
carboxylic groups, showed limited bactericidal activity.

The surface functional groups of CQDs can serve as reactive
sites for their further modi� cation and functionalization with
various polymeric, organic and inorganic, and biological
species, targeting speci� c tasks. Considering the role of the
speci� c surface chemistry of CQDs in their applications as
bactericidal agents and the well-known antibacterial properties
of silver NPs and AgMOF itself, the objective of this study is to
examine the antibacterial activity of AgMOF�CQDs nano-
composites. A main research question is whether or not the
composite formation can lead to an enhanced antibacterial
activity compared with pure AgMOF and S- or N-CQDs. The
nature of this synergistic e� ect is analyzed based on a detailed
study of the texture and chemistry of these new materials. Even
though the antibacterial activities of Ag-based compounds
(such as AgNPs and AgMOF)39�41 and of Ag- and graphene-
based composites (such as Ag-GO, AgNP-CNTs, AgNP-
GQDs, and AgNP-CQDs) have been extensively addressed in
previous studies, to the best of our knowledge, this is the� rst
study that examines the antibacterial activity of AgMOF-CQDs
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composites and points out the role of surface and interface
chemistry in this activity.

2. EXPERIMENTAL METHODOLOGIES
2.1. Synthesis. For the synthesis of S-CQDs and N-CQDs,

poly(sodium4-styrenesulfonate) or polyvinylpyrrolidone were used as
the sulfur or nitrogen sources, respectively. The detailed preparation is
described elsewhere.42 To prepare AgMOF,43 a solution of NaOH (1
M) was added drop-wise to a suspension of 1,3,5-benzenetricarboxylic
acid (BTC, 1.007 g, 4.8 mmol) in 75 mL of distilled water until the
pH reached 7. To this solution, a solution of silver nitrate (3.5
mequiv) in 12.5 mL of distilled water was also added drop-wise with
simultaneous mechanical stirring. After 45 min of stirring of the
mixture at room temperature, the product was recovered by� ltration,
and washed� rst with distilled water and then with ethanol and,
� nally, air-dried.

To prepare the composites of AgMOF and S-CQDs or N-CQDs,
during the addition of the silver nitrate solution, a solution of the
CQDs was also added drop-wise. Next, all of the steps used to
synthesize pure AgMOF were followed. The composites for the
preparation of which the same amounts of BTC and S-CQDs or N-
CQDs were used are referred to as AgMOF-S1 and AgMOF-N1,
respectively. For their preparation, 0.5 g of BTC and 17.4 mL of the
CQDs solutions (calculated based on the remaining solid that
corresponds to 0.5 g of BTC after drying the dots) were added. In
another synthetic approach, S- and N-CQD solutions were added
drop-wise on the parent AgMOF. The volume of the solutions added
(2.9% w/v in concentration), were the same as those added for the
preparation of the AgMOFs-S1 and AgMOFs-N1 composites. This
corresponds to 3.75 mL of CQD solutions for 1 g of AgMOF. The
resulting products of AgMOF exposed to S- and N-CQDs were air-
dried and are referred as AgMOFs-S2 and AgMOF-N2, respectively,
through the text. Because Ag-MOF shows instability in water and it
was added as CQDs solvent, we refer to these materials rather as
hybrids than composites.

2.2. Methods. 2.2.1. Materials Characterization.Fourier trans-
form infrared (FTIR) spectra were collected using a Nicolet Magna-
IR 830 spectrometer and the attenuated total re� ectance method
(ATR) on the powdered samples (without KBr addition). The spectra
were collected 64 times and corrected for the background noise.

The morphology of S- and N-CQDs were analyzed by high-
resolution transmission electron microscopy (HRTEM) and exam-
ined under a FEI Talos F200X. Scanning electron microscopy (SEM)
images were obtained with a Zeiss Supra 55 VP. The accelerating
voltage was 5.00 kV. Scanning was performed in situ on a sample
powder without coating.

XPS studies were performed on a Physical Electronics spectrometer
(PHI Versa Probe II Scanning XPS Microprobe) with scanning
monochromatic X-ray Al K� radiation (100� m, 100 W, 20 kV,
1,486.6 eV) as the excitation source and with a dual-beam charge
neutralizer. High-resolution spectra were recorded at a given takeo�
angle of 45° by a concentric hemispherical analyzer operating in the
constant pass energy mode at 23.5 eV using a 1400� m line (with a
100� m diameter of the X-ray highly focused beam) analysis area. The
spectrometer energy scale was calibrated using Cu 2p3/2, Ag 3d5/2, and
Au 4f 7/2 photoelectron lines at 932.7, 368.2, and 84.0 eV, respectively.
Under a constant-pass energy mode at 23.5 eV condition, the Au 4f7/2
line was recorded with 0.73 eV FWHM at a binding energy (BE) of
84.0 eV. A PHI Smart Soft-VP 2.6.3.4 software package was used for
acquisition and data analysis. AShirley-type background was
subtracted from the signals. Recorded spectra were always� tted
using Gauss�Lorentz curves. Atomic concentration percentages of
the characteristic elements of the surfaces were determined taking into
account the corresponding area sensitivity factor for the di� erent
measured spectral regions.

High-resolution13C solid-state NMR spectra for the di� erent
AgMOF CQD samples were recorded using the ramp1H�13C CP-
MAS sequence (cross-polarization and magic angle spinning) with
proton decoupling during acquisition, respectively. The13C CP-MAS

experiments were performed at room temperature in a Bruker Avance-
IIIHD 600 spectrometer equipped with a 3.2 mm MAS probe. The
operating frequency for protons and carbons was 600.09 and 150.91
MHz, respectively. Glycine was used as an external reference for the
13C spectra and to set the Hartmann�Hahn matching condition in
the cross-polarization experiments in13C spectra. The contact time
during CP was 2000� s. The SPINAL64 sequence (small phase-
incremental alternation with 64 steps) was used for heteronuclear
decoupling during acquisition.44 The 2D1H�13C HETCOR experi-
ment in the solid state was recorded following the sequence presented
by van Rossum and co-workers.45 The contact time for the CP was
200� s to avoid relayed homonuclear spin-di� usion-type processes or
2000 � s to observe long-range interactions between carbons and
protons. The spinning rate for all the samples was 15 kHz. The1H-
MAS experiments were performed in a 2.5 mm MAS probe with an
operating frequency for protons of 600.09 MHz.1H chemical shifts
were indirectly referenced relative to neat tetramethylsilane using
powdered glycine as an external reference. The spinning rate for all
the samples was 30 kHz.

The � potential of N- and S-CQDs was determined using a
Zetasizer Nano ZS (Malvern Instruments) equipped with a 4 mW
HeNe laser operating at� = 633 nm. The� measurements were also
performed at 25°C in polycarbonate folded capillary cells,
incorporated with Au plated electrodes (DTS1061), and deionized
H2O was the dispersion medium. The� values were automatically
obtained by the software, using the Stokes�Einstein and the Henry
equation, with the Smoluchowski approximation.

2.2.2. Antibacterial Test.Wild-type strains ofE. coli(MG1655;
Gram-negative) andB. subtilis(ATCC 6051; Gram-positive) were
used in the antimicrobial disk-di� usion assays.E. coli(CECT 831)
and B. subtilissubsp.subtilis(168) were used for the Minimum
Inhibitory Concentration (MIC) determination. Bacteria were grown
at 37°C in trypticase soy broth (TSB, Oxoid) inoculated with a single
colony from a pure culture plated on a trypticase soy agar (TSA,
Oxoid) plate. Overnight cultures of bacteria were measured for optical
densities (OD600) and serially diluted (1:10) with phosphate-bu� ered
saline (PBS) to obtain 108 CFU/mL bacterial counts. A 100� L
aliquot of the diluted bacterial culture was evenly spread on a Mueller
Hinton agar plate (HiMedia Laboratories). Next, sterile� lters (7 mm
diameter, Whatman) soaked in either the bu� er alone, the carbon-dot
(CQD) suspension, the Ag metal�organic framework (AgMOF) or
the CQD�AgMOF suspensions were placed onto these bacterial
spread plates, and the plates were incubated at 37°C for�16 h in the
dark. The diameters of the zone of inhibition of bacterial growth were
measured. The test used is rather qualitative than fully quantitative.
Other tests based on viability assays or colony counting method could
not be used owing to the decomposition of the MOF component
when fully dispersed in water. Thus, the antibacterial activity of our
materials is rather considered as that“on contact” with living bacteria
cells in moist/humid environment. One of the possible applications of
such system would be as components of antibacterial fabrics/
garments. Cultures ofE. coli(CECT 831) orB. subtilissubsp.subtilis
(168) cells grown overnight were used to prepare the initial bacterial
cell suspensions using TSB medium with an incubation temperature
of 37°C for 3 h. Bacterial cells were washed twice with saline solution
and adjusted to a concentration of 6× 106 cells/mL. The bacterial
growth measurement was performed in 96-well plates. Each well
contained 50� L of bacteria cell suspension and various concen-
trations (0.5, 1, 2, 4, 8, 16, and 32� g/mL) of S-CQDs, N-CQDs, Ag
MOF, Ag MOF-S1, Ag MOF-2, Ag MOF-N1, and Ag MOF-N2, in
100� L of TSB for a� nal volume of 150� L/well. The analysis was
performed in triplicate. The inoculated plates were then incubated at
37°C 24 h. The optical densities (OD) of the samples were measured
at wavelength 595 nm after incubation using an Eon high-
performance microplate spectrophotometer (BioTek) with GenS
software version 2.05. Inhibitory e� ect of the treatment with the
tested compounds on the bacteria growth (minimum inhibition
concentration, MIC) was evaluated based on the decrease of OD595
values compared with those obtained for the negative control.
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2.2.3. Cytotoxicity Tests.The standard MTS assay was used to
study the cytotoxicity of the AgMOF and AgMOF-N,S series. Canine
adipose mesenchymal stem cells (cAd-MSCs) maintained in
Dulbecco’s modi� ed Eagle medium (DMEM; D6546 Sigma-Aldrich)
supplemented with 10% (v/v) fetal bovine serum (F7524 Sigma-
Aldrich) at 37°C in a humidi� ed atmosphere of 5% carbon dioxide
(CO2) was used for the assay. The cells were seeded at a density of 25
× 103 cells per 500� L in 48-well plates and incubated for 24, 48, and
72 h with di� erent concentrations of the doped carbon dots dissolved
in the culture medium. Then, 100� L of 3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) (G3580, Promega) was added to each well followed by 3 h of
incubation in the dark at 37°C. Subsequently, 100� L of each well
was removed onto a 96-well plate, and the optical density (OD) was
read on a multiwell microplate reader at 490 nm. Each condition was
tested in quadruplicate, including the control one. Two-way ANOVA
withthe post-Dunnett’s method was used to analyze data sets using
SigmaPlot 11.0. For this analysis, ap value of <0.05 was considered

statistically signi� cant (as indicated with an asterisk). All experimental
data are reported as the mean, and the error bars represent the
experimental standard error (±standard deviation, SD).

3. RESULTS AND DISCUSSION
3.1. Antibacterial Activity. The antibacterial activities of

CQDs, AgMOF, and the hybrids/composites were determined
using a disc di� usion method on a Mueller Hinton Agar
(MHA) plate, against representative Gram-negative (E. coli)
and Gram-positive (B. subtilis) bacteria. The antibacterial
potential of the materials was assessed in terms of the diameter
of the inhibition zone (indicates the susceptibility of a
microorganism toward a bactericide compound). The disk-
di� usion data presented inTable 1shows that, among the two
CQDs samples, the antibacterial activity of N-CQDs is higher
against both bacterial strains compared to that of S-CQDs.

Table 1. Range of Zones of Inhibition of Materials Tested Measured against Gram-Negative and Gram-Positive Model Bacteria

agent range (mm) mean (mm) ±SD (mm)

water 7.5�9.0 8.0 0.5
DMF 7.5�8.5 7.9 0.4
S-CQDs 8.0�10.0 9.0 0.7
N-CQDs 9.0�11.0 9.8 0.5
Ag-MOF 9.0�11.0 9.7 0.6

E. coli B. subtilis

range (nm) mean (mm) ±SD (mm) range (mm) mean (mm) ±SD [mm]

AgMOF-S1 12.5�13.0 12.9 0.3 11�13 11.9 0.7
AgMOF-S2 11.0�12.0 11.6 0.4 9�11 10.1 0.9
AgMOF-N1 13.0�15.0 14.4 0.7 11.5�13.5 12.3 0.8
AgMOF-N2 12.5�13.0 12.7 0.3 9.5�10 9.7 0.3

Figure 1.MIC of the samples tested on (A, B)E. coliand (C, D)B. subtiliscells after 24 h at 37� C. Data are presented as the mean values with
±SD as error bars.
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AgMOF shows an almost-identical bactericidal activity against
both strains, which is very similar to that of N-CQDs. For
comparison,Table 1also includes the inhibition-zone ranges
for water and DMF (solvents) measured against both strains.

The hybrid materials and composites (both AgMOF-S and
AgMOF-N series) clearly show a marked enhancement of the
antibacterial activity against both bacterial strains compared
with their components. This enhancement is more-pro-
nounced against the Gram-negativeE. colithan the Gram-
positiveB. subtilis, which is in contrast with the trend observed
for CQDs alone. The comparison of the activity of both series
(AgMOF-S versus AgMOF-N) suggests a greater activity of
the AgMOF-N series than that of the AgMOF-S series toward
both bacterial strains. Qualitatively, among both composites
tested, AgMOF-N1 seems to be the sample of the greatest
bactericidal activity.

For quantitative determination of our materials bactericidal
activity, their minimum inhibitory concentration (MIC) was
determined. A growth inhibitory e� ect on both bacterial
groups was registered� rst for CQDs. Thus, forE. coli, MIC
values of 32� g/mL were found for both S-CQD and N-CQD.
No MIC could be stablished forB. subtilisat the
concentrations analyzed. However, when pure AgMOF
particles were used, lower MIC values were determined for
Gram-negative and Gram-positive bacterial groups (MIC: 16
� g/mL for E. coliand 32� g/mL for B. subtilis; Figure 1A,B).
Moreover, the e� ectiveness of MOF was improved when
nanocomposites and hybrid materials of Ag-BTC MOF with S-
and N-CQDs were used. The best results indicating a
synergistic e� ect of the composite formation were obtained
for the composite of AgMOF with N-CQDs (AgMOF-N1) in
contact with Gram-negative bacteria (E. coli), where MIC
decreased from 16� g/mL for AgMOF and from 32� g/mL for
N-CQDS to 4� g/mL for AgMOF-N1 and to 8� g/mL for
AgMOF-S1 (Figure 1A). Interestingly,E. colishows a similar
response to both hybrids and composites.

The response ofB. subtilisto our materials seems to be much
weaker and more complex than that ofE. coli. AgMOF and
hybrids and composites show similar e� ects (slight inhibition)
until 16� g/mL (Figure 1B). Then, MIC is found at 32� g/
mL. AgMOF-N1 seems to outperform AgMOF-N2. Both
AgMOF-S1 and AgMOF-S2 show less bactericidal activity
againstB. subtilisthan does AgMOF itself. These results fully
support the qualitative� ndings discussed above about the
higher bactericidal activity of tested materials againstE. coli
than againstB. subtilisand about the superiority of the N-
CQDs containing AgMOF composite over that containing S-
CQDs or over those of hybrid materials in the disk-di� usion
tests.

When ceftiofur, enro� oxacin, gentamicin, trimethoprim, and
sulfadiazine were tested againstE. colistrains, the MIC at
which 50% of the strains were at or below (MIC50) were less
than or equal to 0.03, 0.5, and 0.13� g/mL, respectively.46

MIC90 for these pharmaceuticals were 1.0, 0.13, 32.0, and 2.0
� g/mL, respectively. MIC90 values for such antibiotics as
ampicillin,� orfenicol, neomycin, and spectiomycin were found
to be >32.0, 8.0, 512.0, and >128.0� g/mL, respectively. Thus,
our materials are equal or better inhibitors forE. colithan the
most common antibiotics. When silver nanocomposite was
tested againstE. coli, its MIC was 62.5� g/mL against.47 B.
subtiliswas found to be sensitive to tetracycline (MIC90 8.0� g/
mL), vancomycin (MIC90�4.0 � g/mL), and gentamicin

(MIC90- 4.0 � g/mL) but resistant to streptomycin
(MIC50�64 � g/mL).48

3.2. Materials Characterization. To identify the factors
that play a key role in the bactericidal activity of the materials
tested and to investigate if and how a synergistic e� ect on the
chemistry arising from the composite and hybrid formation
a� ects their interactions with the microbial cells, the
morphological and surface chemical features were extensively
examined.

The FTIR spectra of pure S- and N-CQDS, Ag-MOF itself,
and the composites and hybrids of the AgMOF with S- and N-
CQDs are presented inFigures S1 and S2along with the
detailed analysis. On the spectrum of the initial AgMOF, the
typical bands representing the carboxylate ligands of BTC
coordinated to the metal sites of the framework are seen. While
in the case of S-CQDs, sulfonic acids and sulfates are the
predominant S-containing groups, on N-CQDs, amines, and
especially amides, are the main species. Both samples, and
especially S-CQDs also contain carboxylic groups.42,49

Although the AgMOF-S and AgMOF-N sample series
exhibit features like those of AgMOF, the changes in the
environment of the carboxylate ligands suggest the distortion
of the MOF framework caused by the interactions of the
ligands with CQDs. Changes in the coordination of the
carboxylate ligands caused by the probable involvement of the
functional groups of CQDs acting as MOF linkers are seen. In
the case of AgMOF-S1, the formation of a composite rather
than of a physical mixture of the components is supported by
the total absence of the four bands at 1000�1180 cm�1,
characteristic of the symmetric and asymmetric stretching
vibration of O=S� O in �SO3H and sulfates. These groups,
along with carboxyl groups, can easily coordinate to Ag+

centers and occupy the coordination sites around these
ions,50 and thus, they are likely involved in the composite
formation. Because for AgMOF-S2, the bands of O=S� O are
still distinguishable, they are not involved in a chemical
reaction with AgMOF to the same extent as in the case of
AgMOF-S1. The formation of a composite in the case of
AgMOF-N1 is supported by the total absence of the bands
linked to the stretching vibrations of C=O and C�N groups in
amides. However, for AgMOF-N2, these bands are still visible.
Thus, the FTIR analysis suggests that AgMOF-S2 and
AgMOF-N2 are hybrid materials rather than composites.

X-ray photoelectron spectroscopy (XPS) was used to further
analyze the surface chemistry of the materials, especially the
binding energy of Ag 3d and the Auger parameter (AP-
3d5/2M4N45N45). The chemical composition on the surface in
atomic concentration percent and assignation of the core-level
spectra of the constituent elements are shown in Tables2 and
3, respectively. The Ag 3d core level spectra are also included
in Figure 5. The C 1s, O 1s, S 2p, N 1s, and Ag3dcore energy
level spectra are presented inFigure S3.

The contents of elements on the surface of the composite
and hybrid materials show some common trends: (1) less
silver is detected on the physical mixture surfaces than on
those of the composites; (2) more nitrogen and sulfur are
present in the in the physical mixtures than in the composites;
(3) compared to MOF itself, the hybrid and composite have
less silver on the surface; (4) ratios of Ag to C, O and S or N
are higher in the composites than those in the physical
mixtures. These trends are apparently linked to the presence of
CQDs, which contribute to an increase in the carbon content;

ACS Applied Bio Materials Article

DOI:10.1021/acsabm.8b00166
ACS Appl. Bio Mater.XXXX, XXX, XXX�XXX

E

http://pubs.acs.org/doi/suppl/10.1021/acsabm.8b00166/suppl_file/mt8b00166_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsabm.8b00166/suppl_file/mt8b00166_si_001.pdf
http://dx.doi.org/10.1021/acsabm.8b00166


the contents of CQDs are higher in physical mixtures than
those in the composites.

The N-CQDs were found to be containing 10.6 atomic
percent of nitrogen, which was mainly in amides and amino
groups. Their 13.2 atomic percent of oxygen was distributed
between carbonyls and OH groups. This resulted in their�
potential being equal to�6.47 ± 0.67 mV.42 However, S-
CQDs had the majority of their surface sulfur (8.5 at % total)
in sulfones and sulfates (44 atomic percent total), and oxygen
was mainly in sulfones and sulfates and also in carboxylic
groups. These groups lead to a� potential of�47.18 mV for S-
CQDs.42

The Ag3d XPS core level spectra of all studied composite
and hybrid samples show a doublet (3d5/2 and 3d3/2) with an
energy separation of 6.0 eV (Figure S4). The Ag 3d5/2 binding
energy values for AgMOF, AgMOF-S1, AgMOF-S2, and
AgMOF-N1 are similar and range from 368.5 to 368.7 eV.
The lowest value (367.9 eV) is found for AgMOF-N2.
Unfortunately, these values cannot be used to distinguish
Ag(0) from Ag(I) or Ag(II). The use of the Auger parameter is
more adequate to identify the di� erent silver oxidation states
because the AP does not depend on the sample charge shift
and is more sensitive to changes in the oxidation state. The Ag
3d spectra of AgMOF-S2 and AgMOF-N2 present peak
asymmetry at the high-binding-energy region. Usually, this
asymmetry is assigned to the presence of Ag(0). Lindblad and
co-workers,51however, have shown that a peak asymmetry may
occur even in insulators due to the in� uence of post-collision
interaction between the photoelectron and the Auger electron
on the spectral line shape in the case of Ag 3d photoelectrons
when samples are irradiated with Al K� photons. Ag MNN
regions are shown inFigure 2, where a complex structure of
peaks assigned to Ag M5N45N45 and Ag M4N45N45 Auger
electrons is observed. AP Ag M4N45N45 values were calculated
from the experimental binding energy of Ag 3d5/2 and the
kinetic energy of the most intense peak existing on the right
part of the Auger signal and are included at the bottom of
Table 3. The observed values are far from that for Ag(0)

Table 2. Content of Elements on the Surface (in Atomic
Percent from XPS Analysis)

sample C O Ag N S

N-CQDs 76.2 13.2 10.6
S-CQDsa 30.5 44.1 8.7
AgMOF 49.59 27.19 23.22
AgMOF-N1 53.93 25.47 17.50 3.11
AgMOF-N2 64.13 19.77 9.15 6.95
AgMOF-S1 53.51 25.04 19.80 1.65
AgMOF-S2 57.27 25.01 14.44 3.29

a16.7 atomic concentration percent Na is present in this sample.

Table 3. Results of the Deconvolution of C 1s, O 1s, S 2p, and Ag 3d Core Energy Levels, and Auger Parameter AP-
3d5/2M4N45N45

BE (eV) bond assignment AgMOF AgMOF-S1 AgMOF-S2 AgMOF-N1 AgMOF-N2

C 1s
284.8 C�C in sp2

graphitic carbon
71.3 80.7 55.5 56.6 41.6

286.0 C�(O,N,S,H) in
phenolic,
alcoholic, etheric

4.3 33.3 16.7 34.1

287.6 C=O in carbonyl
or quinone

7.7 24.3

288.9 O�C=O in
carboxyl or ester

24.4 19.3 3.5 26.7

O 1s
531.4 C=O in carbonyl/

quinone or
sulfoxides/
sulfones

90.6 92.0 90.6 88.7 88.5

533.1 phenol/epoxy/
carboxyl/ether or
�O�
chemisorbed
oxygen species

9.4 8.0 9.4 11.3 11.5

S 2p3/2

162.3 mercapto, sul� de 45.6 15.1
168.2 R�SO3H in

sulfonic acids
54.4 84.9

N 1s
400.2 NH amides, NH2

amines, Pyrroles
100 100

Agd5/2

368.7 100
368.5 100 100 100
367.9 100

AP-3d5/2 M4N45N45 (eV)

AgMOF AgMOF-S1 AgMOF-S2 AgMOF-N1 AgMOF-N2

723.6 723.3 723.0 723.3
723.6
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(726.5 eV) and near that of Ag(I) 724.0± 0.2 eV. The main
di� erence, however, comes from the shapes of the Auger peaks
that are similar to those observed in the case of Ag(I) salts.52

Therefore, the results indicate that on the surface of all studied
samples silver exists as Ag(I), but the observed lower values of
the APs with respect to that of Ag(I) (724.0 eV) are due the
coordination of silver to sulfur in samples AgMOF-S1 and
AgMOF-S2, to nitrogen in samples AgMOF-N1 and AgMOF-
N2, and to the oxygen in carboxylate for AgMOF. For the
composites (AgMOF-S1 and AgMOF-N1) and hybrid
materials (AgMOF-S2 and AgMOF-N2), a slight shift of the
AP-3d5/2 M4N45N45 to a lower binding energy compared to
pure AgMOF (energy for pure AgMOF is 423.6 eV) is linked
to electron transfer from the AgMOF to the S- and N-CQDs.
This shift is less pronounced for the AgMOF-N2 hybrid
material. The deconvolution of the O 1s core energy level
spectra shows that AgMOF-N1 and AgMOF-N2 exhibit the

lowest contribution of oxygen in carbonyl and carboxylic
groups compared with the AgMOF-S series or pure AgMOF
(Figure S4and Table 3). This might be linked to the
participation of CQDs in the composite formation through the
formation of the complexes of N-CQDs nitrogen groups with
silver in AgMOF units. In the case of AgMOF-S1, sulfonic
acids are likely linkers contributing to the composite
formation.

The crystalline structures of AgMOF and the composites
and hybrid materials were analyzed by X-ray di� raction (Figure
S5). The di� raction patterns of AgMOF and the composites
and hybrids are very similar and exhibit characteristic peaks
that are related to the crystalline structure of the MOF phase.
A closer look, however, shows that the crystallographic
structure of AgMOF-S1 is more disturbed compared with
the rest of the samples tested. It might be linked to the
coordination of�SO3H and sulfate groups to the Ag+ centers,
and it is in agreement with the results of the FTIR analysis.

To obtain structural information on both N- and S-CQDs
materials at the molecular level,13C CP-MAS ss-NMR
experiments were performed. Results are shown inFigure S6.
The 13C resonance signals correspond to poly-
(vinylpyrrolidone)53 and poly(4-styrenesulfonate)54 structures
used in the synthesis of N- and S-CQDs, respectively. These
� ndings indicate that the CQDs nanostructures are covered
with or dispersed in polymeric structures or both. The13C CP-
MAS spectrum of the AgMOF shows only two resonance
signals at 132.4 and 171.3 ppm, which were assigned to the
BTC molecule aromatic and carboxylic acid carbons (Figure
3). The comparison of the13C CP-MAS spectra corresponding
to each AgMOF sample containing either S- or N-CQDs
indicate that the presence of the CQD particles did not alter
the AgMOF structure markedly. The13C resonance signals
assigned to the S-CQDs and N-CQDs structures remain in the
AgMOF-S2 and AgMOF-N2 samples (� 13C = 40.1, 44.3,
126.0, 141.2, and 146.9 ppm; for S-CQDs and� 13C = 18.4,
31.7, 35.8, and 43.3 ppm, for N-CQDs;Figure S6).
Interestingly, these signals are absent in the AgMOF-S1 and
AgMOF-N1 composite samples. Because all of thess-NMR
spectra were acquired under the same experimental conditions,
these results indicate the high dispersion of CQDs and their
smaller amounts in the AgMOF-S1 and AgMOF-N1 systems
than those in the AgMOF-S2 and AgMOF-N2 hybrids. To
further explore the di� erences between the samples tested,1H-

Figure 2.XPS detailed regions of Ag MNN for (from bottom to top)
AgMOF, AgMOF-S1, AgMOF-S2, AgMOF-N1, and AgMOF-N2.

Figure 3.1H MAS NMR (30 kHz) spectra for the (A, E) AgMOF, (B) AgMOF-N1, (C) AgMOF-N2, (D) N-CQDs, (F) AgMOF-S1, (G)
AgMOF-S2, and (H) S-CQDs samples.
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MASss-NMR experiments were performed. Results are shown
in Figure 3.

The1H-MAS spectrum of the AgMOF sample shows signals
corresponding to the BTC molecules at� 1H = 8.9, 7.8, 7.2, and
6.5 ppm together with di� erent water environments in the� 1H
range of 6�1 ppm (1.0, 1.4, 3.5, 4.6, and 5.4 ppm;Figure
3).55,56 The water types were assigned through 2D1H�13C
HETCOR experiments applying long contact times (2 ms) in
the cross-polarization step. In this 2D experiment, the entire
carbon structure of the AgMOF did not present any
correlation with any of the protons associated with the water
environments at the� 1H range of 6�1 ppm (Figures S7 and
S8).

A total of four unique kinds of proton of the aromatic BTC
molecule can be identi� ed in the1H MASss-NMR spectrum of
AgMOF. Thus, the BTC molecules remain in di� erent
chemical environments. Such BTC molecules can also be
localized in amorphous or ordered regions or in any other
molecular organization of the AgMOF system, giving rise to
four 1H resonance signals. These di� erences can be inferred
through the1H dimension (Figure 3) because1H atoms are
more sensitive to changes in the electronic surrounding of the
AgMOF structures than13C atoms are. In the composites and
hybrids, the AgMOF structures are preserved, as demonstrated
by the same resonance signals assigned to the AgMOF
structure in thess-NMR experiments (Figures3 andS7). 1H-
MAS spectra of the AgMOF-S2 and AgMOF-N2 samples are
the sum of both AgMOF and S- and N-CQDs spectra
containing the same water populations as in CQDs. Addition-
ally, some rearrangement of the water populations associated
with AgMOF are observed in these samples (� 1H = 6�4 ppm;
Figure 3). They are probably a consequence of their contact
with the water molecules present in the synthesis medium. In
addition, the signals corresponding to the S-CQDs aromatic
protons were augmented by the proton resonance signals
corresponding to the AgMOF structure, giving rise to a broad
peak at 7.3 ppm.

As in the case of13C-MAS, the signals corresponding to the
CQDs structures in AgMOF-S1 and AgMOF-N1 samples were
not observed in the1H-MAS spectra. Nevertheless, a complete
rearrangement of water clusters took place, as evidenced by the
appearance of new water1H resonance signals that were
completely di� erent from those observed in the AgMOF-S2
and AgMOF-N2 samples (Figure 3). These new features
support the composite formation.

The di� erences in chemistry are re� ected in the di� erences
in � potential of our samples The values measured for AgMOF,
AgMOF-N1, AgMOF-N2, AgMOF-S1, and AgMOF-S2 are
26.8± 3.8,�21.1± 0.1,�16.4± 0.7,�54.1± 0.7, and�43.0
± 0.2 mV, respectively. The negative values are linked to the
presence of BTC in the structure. Relatively less negative
values for the samples containing N-CQDs are linked to their
amine functionalities, which bring positive charge. For the
samples with S-CQDs, the very-negative values are the results
of the contributions of sulfonic acids from these carbon dots.

The SEM images of the surfaces of the samples tested are
presented inFigure 4. The AgMOF consists of long-rod
shaped particles, with diameters varying from 100 to 400 nm,
consisting of many nanoparticles. The addition of S-CQDs in a
1:1 ratio (AgMOF-S1) led to the formation of much longer
and regular rods of almost half the diameters of those in MOF
itself. However, the addition of the N-CQDs in a 1:1 ratio

(AgMOF-N1) led to rods with signi� cantly increased
diameters that are about twice of the sizes of those for MOF.

Interestingly, some of them are assemblies of a few twisted
rods of a helix morphology. In the case of the hybrid materials
(AgMOF-S2 and AgMOF-N2), the characteristic rod-like
shape is hardly distinguished. This is likely caused by the
destruction of some MOF crystals by water, which was the
CQD solvent used in the synthesis procedure. These
observations suggest that a rod-like morphology of the
composite materials might favor the antibacterial activity
(AgMOF-S1 and AgMOF-N1 composites are more active than
are compared with the hybrid materials, AgMOF-S2 and
AgMOF-N2). The separation of rods might promote the
MOF-component destruction by water solvent of the bacteria’s
food and thus promote the release of silver cations in the
proximity of the paper disk covered by our active phase. Even
though the comparison of the image of the two composites
indicates that, in the case of AgMOF-S1, the rods are smaller in
size than in the case of AgMOF-N1, AgMOF-N1 shows a
greater antibacterial activity than does AgMOF-S1 (Table 1
andFigure 1). This is contrary to most studies that reported
that the small size of AgNPs is an essential parameter
governing their ability to inhibit bacterial growth.24,30 Never-
theless, a greater antibacterial activity of larger-size rods in our
case is in agreement with a study by Kazmi and co-workers,
who reported an enhancement in the antibacterial activity of
Ag-NPs functionalized with CNTs with an increase of the size
of the Ag-NPs attached to CNTs.57 These results also suggest
that other factors than the particle size may a� ect the
antibacterial activity of our samples. Interestingly, the surface
of the composite rods (AgMOF-S1 and AgMOF-N1) is
perforated, and such“holes” are not visible in the morphology
of the hybrids (AgMOF-S2 and AgMOF-N2). This perforation
might positively a� ect the performance of the composites and
further promotes the release of silver from the MOF structure
on contact with hydrated bacteria.

Figure 4.SEM images of AgMOF, AgMOF-S1, AgMOF-S2, AgMOF-
N1, AgMOF-N2, and AgMOF-N2.

ACS Applied Bio Materials Article

DOI:10.1021/acsabm.8b00166
ACS Appl. Bio Mater.XXXX, XXX, XXX�XXX

H

http://pubs.acs.org/doi/suppl/10.1021/acsabm.8b00166/suppl_file/mt8b00166_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsabm.8b00166/suppl_file/mt8b00166_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsabm.8b00166/suppl_file/mt8b00166_si_001.pdf
http://dx.doi.org/10.1021/acsabm.8b00166


To get a deeper insight into the activity of our materials, the
morphology of the rods was further analyzed by high-
resolution transmission electron microscopy (HR-TEM). The
TEM images are collected inFigure 5. They show that the Ag
components in all composites and hybrid samples are well-
dispersed, with predominate sizes of about 6 nm in diameter.
They resemble the size of CQDs. However, the sizes of the Ag
component in Ag-MOF are about 50% larger. The carbon dots
are not visible owing to the very strong signal from silver. The
presence of silver component spherical particles is a
consequence of the same Ag-MOF component in all samples.
A large size of the silver particles in MOF suggests that silver
oxide nanoparticles, as indicated from XPS analysis, are formed
in the process of the MOF synthesis and deposited within the
nanorods. Nevertheless, some silver ions must coordinate to
carboxylic acid linkers forming the MOF framework, resulting

in the speci� c crystallographic structure. Because, in the case of
composites and hybrids, these silver oxide particles are smaller
than those in MOF, this might be one of the factor explaining
the higher antibacterial activity of the composites and hybrid
materials than that of Ag-MOF.

The energy-dispersive X-ray (EDX) elemental maps
presenting the composition of the rods in MOF and the
composites are included inFigure 6along with the element
contents. Consistent with the results of the XPS analysis,
carbon is in the majority. While the content of silver is similar
in both composites, in Ag-MOF, its content is slightly smaller.
Figure 6shows the chemical composition of bulk determined
by EDX. For AgMOF and AgMOF-S1 samples, the
concentration of Ag in the bulk is lower than that observed
on the surface, as determined by XPS, especially in the case of
sample AgMOF. For AgMOF-N1, the concentration of Ag is

Figure 5.TEM images of (A) AgMOF, (B) AgMOF-S1, (C) AgMOF-S2, (D) AgMOF-N1, and (E) AgMOF-N2. Particle size distribution
histograms obtained from TEM analysis are also provided.
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similar on the surface and in the bulk. However, the molar
ratios for Ag to C are much higher on the surface of all samples
(0.46, 0.32, and 0.37 for AgMOF, AgMOF-N1, and AgMOF-
S1, respectively) than in the bulk. In the latter case, the molar
ratios of Ag to C are 0.19, 0.23, and 0.22 for AgMOF, AgMOF-
N1, and AgMOF-S1, respectively. There is also a similarity in
the distributions of silver and oxygen, which supports the
presence of Ag2O. In the case of the composite with S-CQDs,
there are similar distributions of all atoms in the sample. While
Ag, O, and C seem to be clustered to some extent, sulfur is
dispersed through a whole rod volume, which indicates its
bonds with both carbon and silver.

The distribution of silver in Ag-MOF signi� cantly di� ers
from those in the composites. It is very evenly distributed in
the rods and certainly associated with oxygen and carbon,
which is expected for the MOF structure. The di� erences
between Ag-MOF and the composites suggest that, in the
latter, silver“concentrates” on the CQDs, whose functional
groups are seeds for growing MOFs.

3.3. Cytotoxicity. For the application of any compound as
bactericide to protect living organisms, the toxicity of this
compound needs to be evaluated. The results are presented in
Figure 7. AgMOF and AgMOF-S1 dissolved at high
concentrations in the culture media caused a decrease in the
proliferation, which could be associated with the incorporation
by the cell of some toxic molecules released from it.
Interestingly, at low concentrations, an increase of the
proliferation was observed. At these conditions, the toxic
molecules released might be in rather small amounts and reach
a balance with the ones that are bene� cial for cells, such as
carbon, which acts as a source of energy and allows cell
proliferation.58,59 However, dispersing the AgMOF-N and
AgMOF-S2 series in the culture media does not have any
negative e� ect on the cells, either because they are more-stable
compounds in solution or because the molecules released do
not interact with the cells in any way at high concentrations.
Nevertheless, at low concentrations, these compounds
stimulate cell proliferation, which increases as the exposure
time increases, probably because at these concentrations, the

compounds dissolved in the culture medium reach equilibrium
to act as an extra source of carbon (Figure 7), as mentioned
above. This suggests that N-CQDs act as a source of energy or
alter some route in the cellular metabolism.60

Confocal images were recorded, and an example for
AgMOF-N1 is shown inFigure 8Some nanoparticles in the
cytoplasm are visible. Spherical aggregations occur, and it can
be explained by the interaction of these nanoparticles with
some components of the cell culture medium (DMEM)
enriched with fetal bovine serum (and other components such
as mineral salts,L-glutamine, and antibiotics), which mainly
contain proteins that favor cell growth and antibiotics.
Moreover, our nanoparticles are highly negatively charged,
and due to this factor, the adsorption process with proteins
occurs.

3.4. Mechanism of the Antibacterial Activity. The
antibacterial activity of the materials tested, combined with
their extensive surface chemical characterization, indicate that
their enhanced activity compared to that of AgMOF is caused
by a synergy between the composite components and
distortion of the chemical environment of silver. A mechanism
governing the antibacterial activity of the samples is proposed,
taking into account the interactions that occur between the
bacterial cell membrane and other Ag- and graphene-based
systems (i.e., Ag-CNTs, Ag-graphene, and Ag-graphene
oxide).30,61�63 The di� erence between our samples and
those addressed in the literature is in the extent of these
interactions, which is governed by the complex chemistry of
the samples. The latter likely a� ects the amount and speed of
silver ions released to the bacteria medium.

Kazmi and co-workers attributed the antibacterial activity of
AgNPs functionalized with CNTs towardE. colito the release
of Ag+ and the adhesion of the Ag-NPs to the bacterial cell
wall.55 Cell death was caused by the damage of cellular walls
because of the interactions between the silver ions and thiol
groups of the enzymes and proteins. An enhanced bactericidal
activity of their nanocomposites was also linked to the particle
adhesion on the cell wall, which, by producing and forming
holes, allowed the particle penetration inside the bacteria cells,

Figure 6.EDX elemental mapping of AgMOF, AgMOF-S1, and AgMOF-N1.
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where they further a� ected various aspects of cell physiology.
Such a mechanism of bacterial death was a size-dependent
process, where smaller-size nanoparticles showed greater
activity. In overall, such a mechanism relies on the
combination of the nanocomposite interactions with the cell
membrane, which leads to its internalization within the cell,
and on the disruption of the cell physiology because of the
composite degradation and the release of reactive Ag+. Other
studies have reported that bacterial death caused by graphene-
based nanocomposites was related to cell-wall damage caused
by generated oxygen radicals and physical damage caused by
the sharp edges of graphene.18 Similar physical damage of the
cell membrane has been also reported for AgNPs decorated
with graphene quantum dots (Ag-GQDs).30

In our case, a complex mechanism that involves all of the
above-mentioned processes takes place. It strongly relies on the
speci� c surface features of the samples. It is expected that
AgMOF and CQDs containing samples follow a similar
mechanism to that of other AgNPs reported in the literature,
with an additional e� ect from the incorporation of CQDs into
the MOF structure. In the case of AgGQDs nanocomposites, it
was found that an enhanced internalization of the composite

Figure 7.Comparison among the OD values of control and di� erent concentrations of Ag-MOF and their AgMOF-N,S series-treated cells. Single
asterisks indicateP < 0.05.

Figure 8.Representative confocal image of cells after 72 h of the
treatment with AgMOF-N1. (1) Nanoparticles outside cells; (2)
nanoparticles in the cytoplasm.
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inside the bacterial cell was promoted by the interactions
between the O-containing functional groups of GO and the
lipopolysaccharides of the bacteria, which, in turn, increased
the interaction of AgNPs with the bacteria.64,65 It has to be
mentioned here that both series tested show similar activity to
E. coliand similar toB. subtilis, and the activity toward the
latter is much smaller than that towardE. coli. There are no
statistical di� erences in the MIC between the samples.
Considering the contents of silver-based MOF in all samples,
and assuming that bactericidal action is linked only to the silver
release from the samples, its activity in the composites and
hybrids is much greater than that in MOF itself (Table 2).
However, we cannot forget that CQDs also a� ect the bacteria
environment42 (Table 1). The results suggest that associating
silver with nitrogen in amide and amines by complex formation
or by providing more of that nitrogen inhibits theE. coli
growth. That nitrogen, besides making silver more mobile, also
brings more positive charge to the particles. As seen from the
� -potential measurements discussed above, N-CQD-containing
samples have the least-negative� potential (�16.4± 0.7 and
�21.1± 0.1 mV for AgMOF-N2 and AgMOF-N1;� for N-
CQD is 6.46± 0.67 mV); therefore, their a� nity for negatively
charged membrane ofE. colishould be greater than that of the
samples containing S-CQDs, which are the most negative. The
� potential of AgMOF is in-between the values for the two
series of hybrid and composite. Even though bothE. coliandB.
subtilishave a similar cell-membrane composition, consisting of
polysaccharide subunits,B. subtilisis more negatively charged
than isE. coli. This partially explains the slightly lower activities
of AgMOF-S1 and AgMOF-S2 toward the Gram-positive
strain (B. subtilis) compared to the Gram-negative strain (E.
coli).

Previous studies linked an enhanced inhibition e� ect of
AgNP nanocomposites with reduced graphene oxide or with
graphene quantum dots to AgNPs becoming positively charged
as a result of charge and electron transfer from the AgNPs to
the graphene phase.30,62 In our case, a similar mechanism also
partially explains the improved bactericidal properties of the
composites and hybrid materials compared with those of pure
AgMOF. This mechanism is supported by the XPS results,
which suggest an electron transfer from the parent AgMOF to
both S- and N-CQDs. In the case of the composites, however,
such a charge transfer is likely facilitated by the coordination of
sulfonic groups and sulfates, amines and amides, and carboxyl
groups of the S-and N-containing CQDs to the Ag+ centers of
the MOF component. As a result of this process (charge
transfer), the AgMOF component gets positively charged,
which enhances its electrostatic interactions with the bacterial
cell membranes. In the case of the hybrid materials, in contrast,
FTIR analysis indicated that the involvement of sulfonic
groups and sulfates and of amines and amides of CQDs in a
hybrid formation is much more limited (almost negligible)
compared to the composites. Therefore, it is expected that the
charge transfer as a mechanism governing the antibacterial
activity of the hybrids will occur to a smaller extent.
Nevertheless, more-disordered structure and more CQDs
inhibiting the bacteria growth by themselves can compensate
the limiting charge-transfer e� ect.

The report published in the literature also suggested that the
penetration of nanocomposites inside the bacterial cell was
facilitated by the formation of holes on the cell walls, as a result
of the nanocomposite particles adhesion to them.20 In this
study, due to the relatively large sizes of the rods, the particles

likely got partially disintegrated outside the cells, and silver
ions (Ag+) were released in this process. An adhesion of the
particles to the cell walls still should take place, producing
holes on them and thus disturbing their structure. However,
due to the size restrictions, related to the size of the rods, the
components from the decomposition of the composites and
hybrids, rather than the tested materials themselves, penetrate
the disturbed cell walls much more e� ciently. As indicated by
XPS, EDX mapping, and the size analysis of the samples, one
group of active components are silver oxide particles, which, in
the case of the composites and hybrid materials, are smaller
than those in MOF. A larger size of Ag2O nanoparticles in the
case of the parent AgMOF is one of the factors explaining its
lower antibacterial activity compared with that of the
composites and hybrids. Moreover, the analysis of the atomic
concentration percent of silver detected on the surface to the
amount of bulk silver from EDX analysis indicated a larger
agglomeration of silver on the surface than in the bulk for the
hybrids and composites than for the MOF, which resulted in
its easier release as Ag+. Another factor is the coordination of
silver to NH2 groups and its ionic bonds with sulfonic groups
of CQDs. That form of silver is likely easily released and
penetrates e� ciently the cell membranes.

The high a� nity of silver for sulfur is the key parameter
governing its antibacterial activity.24 Silver on the surface of
AgMOF or the composites and hybrids materials rather than
silver in the bulk should be more important. The direct contact
of surface silver with the cell membrane is the� rst pathway
through which it reacts with the S-containing proteins, which
are found in abundance in the cell membrane.24 As indicated
from the SEM images, the separation of the rods in the
composites likely favors the destruction of the MOF
component by the aqueous solvent of the bacterial food,
promoting the release of silver cations. The released Ag+ from
the decomposition of the MOF framework makes an additional
contribution to the inhibition of the cell viability by interacting
with various aspects of the cell physiology, such as S- and P-
containing proteins, nucleotides, or the DNA.62,65 Interactions
of the released Ag+ with thiol groups of the di� erent enzymes
and proteins of the cell physiology (such as amino acids or
glutathione)66 are expected to occur. Such interactions would
result to the oxidation of these reduced S-species (thiols) in
the cells and the simultaneous reduction of silver ions (Ag+).
As a result, metallic silver (Ag°) and silver sul� des (Ag2S) are
expected to be formed. This hypothesis is veri� ed by the
changes in the color of the samples upon their exposure toE.
coliandB. subtilis(Figures9 andS9). The color changed from
white and pale yellow, which was the original color of the
initial composites and hybrids, to black and brownish (in the
case ofE. coli) or greenish gray (in the case ofB. subtilis). The
generation of a black and brownish color supports the
proposed formation of silver sul� des (Ag2S). The formation
of metallic silver, as a result of the reduction of Ag+, is also
supported by the appearance of“silver halos” around the
“exhausted” samples in the case of both bacterial strains
(Figure 9). It is worth mentioning that, in addition to ionic
silver, Ag° has been also reported to exhibit antibacterial
activity.67

Di� erences in the color of AgMOF-S1 and AgMOF-N1
(black versus brownish, respectively) in the case ofE. coliare
likely related to the di� erent chemical composition of S- and
N-CQDs. More precisely, the S-containing composite, upon
contact with thiol-containing compounds or amino acids, is
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expected to further contribute to the formation of silver
sul� des. This explains the darker color of AgMOF-S1 series
than that of AgMOF-N1.

To verify that the formation of these“silver halos” is related
to the antibacterial activity and not to the interactions of the
composites with water or bacteria-growth medium, AgMOF,
the AgMOF-S series and AgMOF-N series were distributed on
the disks on an agar plate with no bacteria. AgNO3, and AgNPs
were also tested as reference samples.Figure S9shows that in
pure agar, the silver rings were not formed. Apparently, a slight
color darkening is related to the reactivity of silver ions with
hydrogen sul� de present in air. Here the most active are the
hybrid samples even though their silver content on the surface
was smaller than those in the composites. Interestingly, no
color changes were observed for AgNO3 and AgNPs. This
indicates higher reactivity of silver in the composites and
hybrids than on silver nitrate or AgNPs.

4. CONCLUSIONS
Using qualitative and quantitative approaches it was demon-
strated that composites and hybrid materials of Ag-BTC MOF
with S- and N-CQDs exhibit antibacterial activity against
Gram-positive (B. subtilis) and Gram-negative (E. coli)
bacterial strains. The results showed that the composite and
hybrid formation fostered a synergistic e� ect that enhanced
their ability to inhibit bacterial growth compared to pristine
AgMOF. A mechanism governing the antibacterial activity of
the composites and hybrids was derived, taking into account
their complex chemistry and morphology. The former
(chemistry) was found to control the extent of the interactions
that occur between the tested materials and the cellular
components. Di� erences between the activity of the
composites and hybrid materials and Ag MOF were found to
be independent of the silver content. They were rather linked
to the size and morphological features of the materials, their
speci� c surface chemistry, availability, chemistry environment
and distribution of silver, and di� erences in the cell membrane
composition of the two bacterial strains. A smaller size of the
AgNPs in the case of composites and hybrids compared to
pure AgMOF partially explains their higher antibacterial
activity. Due to the relatively large size of the rods in
AgMOF, they were not able to penetrate through the bacterial
cell membrane or a� ect its integrity. They were rather
separated in the extracellular aqueous environment, causing

the destruction of the MOF component and, thus, the release
of silver cations. Silver on the surface of MOFs rather than
silver in the bulk was found to be important. A high a� nity of
silver for S-containing proteins and enzymes of the cell
physiology likely resulted in the oxidation of reduced S-species
(thiols) and the simultaneous reduction of silver ions (Ag+).
The formed metallic silver (Ag°) and silver sul� des (Ag2S) as a
result of such interactions were found as indirect proof of the
composite and hybrid activity to inhibit bacterial growth. The
composites formation involved the coordination of the sulfonic
groups and sulfates, amines and amides, and carboxyl groups of
the S-and N-containing CQDs to the Ag+ centers of the MOF
component. In the case of the hybrids, however, the
involvement of sulfonic groups and sulfates and of amines
and amides in a chemical reaction with the AgMOF
component was almost negligible. An improvement in the
antibacterial activity of the composites compared with pure
AgMOF and hybrids was also linked to charge and electron
transfer from AgMOF to the CQDs, which, by inducing a
positive charge on AgMOF, facilitated the electrostatic
interactions of the composites with the bacterial cell
membranes. In the case of hybrids, CQDs also contributed
to an inhibition e� ect. The inhibiting activity of the materials
tested was comparable to or better than that of some
antibiotics. All of the compounds used at low concentrations
are bene� cial for the cells, and their e� ect increases
proportionally with the exposure time. The negative e� ects
on cell proliferation observed in AgMOF and AgMOF-S1 at
high concentrations disappear when AgMOF is functionalized
with N.
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