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ABSTRACT:Nanocomposites and hybrid materials of 1/35- Enhanced antibacterial
benzenetricarboxylic acid metayjanic frameworks (MOFs) with $- I activity of composites ¥

and N-carbon quantum dots (CQDs) were synthesized and evaluated for AgMOF-SCQDs
their antibacterial activity against representative Gram-pBsitiles(| 2~ o
subtilis and Gram-negativé&gcherichia g¢dbacterial strains using the \t/} SRE o JY B

qualitative disk-dision approach and theuamtitative minimum| o= s L\ \

inhibitory concentration test. The composites and hybrids were folRY°F * V

to be nontoxic to living cells. The composite formation fostered a Inhibition zones

synergistic 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. Enhance
bactericidal activity was linked to morphological features (a nanorod-like morphology)asudfspecthemistry. 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. Thi
destruction of the MOF component in the extracellular environment led to the release of silver ions, which haitee a high a

to S compounds of the cell physiology. The formation of metallic sityean@gilver sutles (AgS) was suggested as

essential for the ability of the composites and hybrids to inhibit bacterial growth. To the best of our knowledgsstthis is the
study that introduces the bactericidateof AQMOF CQDs composites and hybrids.

KEYWORDS:carbon quantum dots, metajanic framework, composites, antibacterial activity, synergy, silver

AgMOF-NCQDs

1. INTRODUCTION interest recently. They are formed by a self-assembly of metal

Over the years, Ag-based compounds and silver nanopartig@éons with polyatomic bridging organic linkers (ligands)
(Ag-NPs) have been reported as having strong antibacteriafough several types of bonding including metal coordination,
activities, and thus, acting as replacements for anfibiotic§lectrostatic interactions, stacking, and hydrogen bonding.
Ag(l) N-heterocyclic carbine complexesg-NPs with ~ The most commonly used organic linkers employed in the
amphiphilic hyper branched macromoléoullefsg-coordina- design of MOFs are derivatives of carboxylic and phosphonic
tion polymer compounddpr example, have been shown to acids. Owing to the diversity of the metal centers, organic
exhibit a marked bactericidadet. This eect was linked to  ligands, and very high apparent surface areas of MOF-type
the release of Ag ions (Agf strong bactericidal proper-
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materials, they have found a wide range of applicatioasiother stud§, the cytotoxicity of a graphene oxislver
including gas storage, separation, qation, chemical nanocomposite against macrophage cells was addressed. The
sensing, catalysis and drug delivety. composite showed a higher toxicity toward these cells
Recently, based on the strong antimicrobial activity of silvemmpared with its pristine components. Even though silver
there has been growing interest in the evaluation of silver graphene- or carbon-nanotube-based nanocomposites
containing MOFs as bactericidal agents. Lu and co-workesisowed enhanced bactericidal activities, a texicrelated
synthesized two Ag-carboxylate-based MOFs that showedoathe carbonaceous phds¢CNTs or GO) against
high antibacterial activity toward a Gram-positive (e.gmammalian ceffsis a challenge to overcome prior to their
Staphylococcus agrand a Gram-negative (efgscherichia usage in clinical applications.
col) bacterid® The zone inhibition tests indicated that Ag- Graphene quantum dots (GQDs) that have been reported as
MOFs showed greater antibacterial activities compared witlaving no apparent toxiéity”> are among other carbona-
commercial Ag-NPs. This behavior was linked to sevemd¢ous nanostructures that are good candidates for the
factors/mechanisms including (a) the cell damage caused foymation of graphene-based nanocomposites acting as
the penetration of MOFs inside the bacteria cells, (b) théactericidal agents. Habiba and co-workers showed that Ag-
disruption of the bacterial membrane integrity due the dired¢iPs decorated with graphene quantum dots (GQDSs)
interactions of the Agvith thiol groups of proteins, (c) the exhibited an enhanced bactericidatteagainst both Gram-
formation of reactive oxygen species (ROS), and (d) theegative and Gram-positive bacteria compared with their
formation of bonds between the functional groups of theristine componentS.
organic linkers and the cell cations*{@ad Md"). The Carbon quantum dots (CQDs) are a new class of metal-free
results clearly demonstrated that both metal centers andiorescent nanoparticles that have attracted increasing
organic linkers of Ag-MOFs play an important role in thenterest*? They consist of an angstrom-sized carbon core
antimicrobial activity. In another study, the antibacterisdurrounded by amorphous carbon frames. CQDs, reported as
activity of Ag-MOF A(B-phosphonobenzoate) was evaluatedbeing nontoxit:>* have been used in various biological
toward six dierent bacterial strains by directly placing theapplications including drug and gene delivery, bacterial
sample in its powdered form onto agar pl@ese again, the  imaging and sensitfg>° Very few studies have been reported
results revealed an inhibition of the bacterial growth, whiabn their usage as antibacterial agétits® In that case, a
was linked to the release of.Ag bactericidal activity was linked mainly to the surface charge of
Graphene and its derivatives have been addressed in sevéf@Ds. These materials interacted with the surface of the
studies for their cytotoxicext toward Gram-positive (€.,  bacterial cells through electrostatic forces and thus disrupted
aureus and Gram-negative (e.dE, co)i bacterid® A the integrity of the cell membrane, leading to bacterial
graphene-induced cell damage was linked to both physidaiatr®*3"*® In our previous study, we examined the role S
and chemical ects. While the physicaket is related to the  and N heteroatoms incorporated into CQDs in the bactericidal
cell damaf%e caused by the sharp edges of the graphawtvity of CQDs against Gram-negaﬂﬁzec())i and Gram-
nanosheets;*® the chemical @ct involves an oxidative stress positive B. subtil)s bacterial strainS. The disk-diusion
induced by the generation of reactive oxygen species (ROS)ydies revealed greatezativeness of N-CQDs compared to
oxidation of cellular components, and charge trihsferthat of S-CQDs. The antibacterial activity of CQDs was linked
Furthermore, direct interactions of graphene-based materitdsboth their spect surface chemistry (speaton guration
with cell membranes have been also reported as leading tofathe heteroatoms), and their nanometer-range sizes. The
loss of the bacterial membrane integtityin this case, the  protonated forms of amides and amines were suggested as
bactericidal property andeet highly depends on the diversity playing the most important role in the bactericidal function of
of surface functional groups and on surface charges. Thus,Ne€QDs. They either electrostatically interacted with lipids of
graphene oxide (GO), a reduced cell viability was linked to tre bacterial cell membrane or activated oxygen species.
degradation of the bacterial membranes caused by the stréthgwever, S-CQDs, which contained mainly sulfonic and
electrostatic interactions between negatively charged @arboxylic groups, showed limited bactericidal activity.
containing functional groups and positively charged lipids of The surface functional groups of CQDs can serve as reactive
the cell membran&$.2? Moreover, the dissociation of oxygen sites for their further modation and functionalization with
containing groups of GO (hydroxyl and carboxyl groupskarious polymeric, organic and inorganic, and biological
which caused a decrease in the pH of the bacterigbecies, targeting spediasks. Considering the role of the
microenvironment, was also found to contribute to thespecic surface chemistry of CQDs in their applications as
bactericidal ect'® bactericidal agents and the well-known antibacterial properties
Even though silver nanoparticles (AgNPs) are known fasf silver NPs and AgMOF itself, the objective of this study is to
their high bactericidal ect®** related to the release offAg examine the antibacterial activity of AQMOBDs nano-
upon their contact with the bacteria, they tend to formcomposites. A main research question is whether or not the
aggregates, which limit their activity due to the loss of theomposite formation can lead to an enhanced antibacterial
active surface area. Thus, graphene-based nanocomposittisity compared with pure AQMOF and S- or N-CQDs. The
were reported as eient media to overcome this limitation. nature of this synergisticeet is analyzed based on a detailed
Carbon-based materials such as carbon nanotubes (CNTsiudy of the texture and chemistry of these new materials. Even
graphene, or graphene oxide were used to synthesize thtigmigh the antibacterial activities of Ag-based compounds
silver-based nanocomposites. Dong and co-Workgested (such as AgNPs and AgMOFE)* and of Ag- and graphene-
the antibacterial activity of Ag-CNTs against Gram-positiveased composites (such as Ag-GO, AgNP-CNTs, AgNP-
and Gram-negative bacterial strains. A synergy between &§Ds, and AgNP-CQDs) have been extensively addressed in
CNTs and other oxidizing antimicrobial agents (NaOCI omrevious studies, to the best of our knowledge, this istthe
H,0,) was found to enhance cell-membrane damage. Istudy that examines the antibacterial activity of AQMOF-CQDs
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composites and points out the role of surface and interfaegperiments were performed at room temperature in a Bruker Avance-
chemistry in this activity. 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
2. EXPERIMENTAL METHODOLOGIES 13C spectra and to set the HartmaHahn matching condition in

2.1. Synthesis. For the synthesis of S-CQDs and N-CQDs, the cross-polarization experimentSGnspectra. The contact time
poly(sodium4-styrenesulfonate) or polyvinylpyrrolidone were used dsring CP was 2000s. The SPINAL64 sequence (small phase-
the sulfur or nitrogen sources, respectively. The detailed preparatiomisremental alternation with 64 steps) was used for heteronuclear
described elsewhéfelo prepare AgQMOF, a solution of NaOH (1 decoupling during acquisitfdiThe 2DH 3C HETCOR experi-
M) was added drop-wise to a suspension of 1,3,5-benzenetricarboxylént in the solid state was recorded following the sequence presented
acid (BTC, 1.007 g, 4.8 mmol) in 75 mL of distilled water until theby van Rossum and co-workefEhe contact time for the CP was
pH reached 7. To this solution, a solution of silver nitrate (3.200 s to avoid relayed homonuclear spinsitin-type processes or
mequiv) in 12.5 mL of distilled water was also added drop-wise wifp00 s to observe long-range interactions between carbons and
simultaneous mechanical stirring. After 45 min of stirring of thgrotons. The spinning rate for all the samples was 15 kHi-The

mixture at room temperature, the product was recoveréatiyn, MAS experiments were performed in a 2.5 mm MAS probe with an
and washedrst with distilled water and then with ethanol and, operating frequency for protons of 600.09 Nizhemical shifts
nally, air-dried. were indirectly referenced relative to neat tetramethylsilane using

To prepare the composites of AQMOF and S-CQDs or N-CQDspowdered glycine as an external reference. The spinning rate for all
during the addition of the silver nitrate solution, a solution of thehe samples was 30 kHz.
CQDs was also added drop-wise. Next, all of the steps used tOThe potential of N- and S-CQDs was determined using a
synthesize pure AgMOF were followed. The composites for theetasizer Nano zS (Malvern Instruments) equipped with a 4 mwW
preparation of which the same amounts of BTC and S-CQDs or N4eNe laser operating at 633 nm. The measurements were also
CQDs were used are referred to as AQMOF-S1 and AgMOF-Nperformed at 25°C in polycarbonate folded capillary cells,
respectively. For their preparation, 0.5 g of BTC and 17.4 mL of thgcorporated with Au plated electrodes (DTS1061), and deionized
CQDs solutions (calculated based on the remaining solid thqjizo was the dispersion medium. Thealues were automatically
corresponds to 0.5 g of BTC after drying the dots) were added. Igntained by the software, using the Std@astein and the Henry
another synthetic approach, S- and N-CQD solutions were addg uation, with the Smoluchowski approximation.
drop-wise on the parent AQMOF. The volume of the solutions added's 5 5 antibacterial TesWild-type strains c. coli(MG1655;
(2.9% wl/v in concentration), were the same as those added for ”@ram-negative) ar. subtili¥ATCC 6051; Gram-positive) wére
preparation of the AQMOFs-S1 and AgMOFs-N1 composites. Thige in the antimicrobial diskidiion assay&. col(CECT 831)
corresponds to 3.75 mL of CQD solutions for 1 g of AQMOF. They,q g - gpilisubsp.subtilis(168) were used for the Minimum

resulting products of AQMOF exposed to S- and N-CQDs were ailr'hibitor ; P ;
; . y Concentration (MIC) determination. Bacteria were grown
dried and are referred as AQMOFs-S2 and AgQMOF-N2, respectlveEF 87°C in trypticase soy broth (TSB, Oxoid) inoculated with a single
through the text. Because Ag-MOF shows instability in water andC| lony from a pure culture plated on a trypticase soy agar (TSA,
\évak?r'gg?relgnacsonchODss't ;:Ivent, we refer to these materials r""ther(ﬁ'(%id) plate. Overnight cultures of bacteria were measured for optical
yori posites. o . densities (OB and serially diluted (1:10) with phosphateebed
2.2. Methods. 2.2.1. Materials CharacterizatioRourier trans- saline (PBS) to obtain 4CFU/mL bacterial counts. A 100

form infrared (FTIR) spectra were collected using a Nicolet Magn%’liquot of the diluted bacterial culture was evenly spread on a Mueller

IR 830 spectrometer and the attenuated totettance method . . ) . .
(ATR) on the powdered samples (without KBr addition). The spectr%ﬁgrfgt:rg%(/ﬁﬁﬁ;rwgg:@g?nbgﬁtgr”ﬁg&ifé Stt#gl?a%cmﬂot
were collected 64 times and corrected for the background n0|se.h(CQD) suspension, the Ag mefalganic framework (AgMOF) or

The morphology of S- and N-CQDs were analyzed by hig ; .
; 2 ; he CQD AgMOF suspensions were placed onto these bacterial
resolution transmission electron microscopy (HRTEM) and exany read plates, and the plates were incubatetat@7 16 h in the

ined under a FEI Talos F200X. Scanning electron microscopy (SE ; S .
images were obtained with a Zeiss Supra 55 VP. The accelera k. The diameters of the zone of inhibition of bacterial growth were

voltage was 5.00 kV. Scanning was performed in situ on a sam@ asured. The test used is rather qualitative than fully quantitative.
powder withoui coatiﬁg. ther tests based on viability assays or colony counting method could
XPS studies were performed on a Physical Electronics spectrom&@ b€ used owing to the decomposition of the MOF component
(PHI Versa Probe Il Scanning XPS Microprobe) with scannin% en fully dispersed in water. Thus, the antibacterial activity of our
monochromatic X-ray Al Kradiation (100 m, 100 W, 20 kV aterials is rather considered as‘tmatontactwith living bacteria
1,486.6 eV) as the excitation source and with a dual-beam chaf§dlS in moist/humid environment. One of the possible applications of
neutralizer. High-resolution spectra were recorded at a given takeg/Ch System would be as components of antibacterial fabrics/
angle of 45by a concentric hemispherical analyzer operating in th@&rments. Cultures Bf col{(CECT 831) orB. subtilisubspsubtilis
constant pass energy mode at 23.5 eV using am40@ (with a (168) cells grown overnight were used to prepare the initial bacterial
100 m diameter of the X-ray highly focused beam) analysis area. T#@ll suspensions using TSB medium with an incubation temperature
spectrometer energy scale was calibrated usipg,CAQ3k ,, and of 37°C for 3 h. Bacterial cells were washed twice with saline solution
Au 4, photoelectron lines at 932.7, 368.2, and 84.0 eV, respectivelid adjusted to a concentration of &0 cells/mL. The bacterial
Under a constant-pass energy mode at 23.5 eV condition, fthe Au 4 growth measurement was performed in 96-well plates. Each well
line was recorded with 0.73 eV FWHM at a binding energy (BE) ofontained 50 L of bacteria cell suspension and various concen-
84.0 eV. A PHI Smart Soft-VP 2.6.3.4 software package was usedfions (0.5, 1, 2, 4, 8, 16, and §&nL) of S-CQDs, N-CQDs, Ag
acquisition and data analysis.Shirley-type lokground was  MOF, Ag MOF-S1, Ag MOF-2, Ag MOF-N1, and Ag MOF-N2, in
subtracted from the signals. Recorded spectra were #iechys 100 L of TSB for a nal volume of 150L/well. The analysis was
using Gausd.orentz curves. Atomic concentration percentages gperformed in triplicate. The inoculated plates were then incubated at
the characteristic elements of the surfaces were determined taking ®&SC 24 h. The optical densities (OD) of the samples were measured
account the corresponding area sensitivity factor for drentli at wavelength 595 nm after incubation using an Eon high-

measured spectral regions. performance microplate spectrophotometer (BioTek) with GenS
High-resolution'®C solid-state NMR spectra for the egént software version 2.05. Inhibitoneet of the treatment with the
AgMOF CQD samples were recorded using the %ampC CP- tested compounds on the bacteria growth (minimum inhibition

MAS sequence (cross-polarization and magic angle spinning) witbncentration, MIC) was evaluated based on the decrease of OD595
proton decoupling during acquisition, respectively3TI@P-MAS values compared with those obtained for the negative control.
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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 7.59.0 8.0 0.5
DMF 7585 7.9 0.4
S-CQDs 8.010.0 9.0 0.7
N-CQDs 9.011.0 9.8 0.5
Ag-MOF 9.011.0 9.7 0.6
E. coli B. subtilis
range (nm) mean (mm) +SD (mm) range (mm) mean (mm) +SD [mm]
AgMOF-S1 12.513.0 12.9 0.3 113 11.9 0.7
AgMOF-S2 11.12.0 11.6 0.4 a1 10.1 0.9
AgMOF-N1 13.015.0 14.4 0.7 11.83.5 12.3 0.8
AgMOF-N2 12.513.0 12.7 0.3 9.90 9.7 0.3
[ Control+ I Control+
20+ I AgMOF 20 I AgMOF
N AgMOFN1| 2.07 inhJ ; M AgMOFS1
16 Escher/ch/a coli B—AOMOFN2| ;4] B Escherichia coli o Ao o2
164 = | Control- I Control-
— 1.6 -
141 T 141
'g‘ 24 Lg 124
2 .
@10 S:’, 1.0
2 o
§° 84 % 0.8 4
§0 6 4 .‘g 0.6
<04 2 04
<
02 0.2
0.0 0.0
16 32 05 1 2 4 8 16 32
Concentratlon (ng/ mL) Concentration (ug / mL)
=§°,&té°F'+ I Control+
1 v 1.25 . L I A gMOF
e Bacillus subtilis N AgM OF N1 D Bacillus subtilis I A gMOF S 1
c I AgMOFN2 I AgMOFS2
100 ] I Control- | 1.00 - I Control
§ 0.75 4 3 0.75 4 } i
g 8 '
2 0.50 £ 0.50
& 8
2 2
< 9% £ 0.251
0.00 4 0.00 4
0.5 1 2 4 8 16 32
Concentratlon (pg / mL) Concentration (ug / mL)

Figure 1.MIC of the samples tested on (A,BB)coland (C, D)B. subtilisells after 24 h at 3C. Data are presented as the mean values with
+SD as error bars.

2.2.3. Cytotoxicity TestShe standard MTS assay was used to statistically sigréant (as indicated with an asterisk). All experimental
study the cytotoxicity of the AQMOF and AgMOF-N,S series. Canirdata are reported as the mean, and the error bars represent the
adipose mesenchymal stemscélAd-MSCs) maintained in experimental standard erres{andard deviation, SD).

Dulbeccts modied Eagle medium (DMEM; D6546 Sigma-Aldrich)

supplemented with 10% (v/v) fetal bovine serum (F7524 Sigm

Aldrich) at 37°C in a humidied atmosphere of 5% carbon d|0X|dea3 RESULTS AND DISCUSSION

(CO,) was used for the assay. The cells were seeded at a density of 23.1. Antibacterial Activity. The antibacterial activities of

x 10 cells per 500L in 48-well plates and incubated for 24, 48, andCQDs, AgMOF, and the hybrids/composites were determined
72 h with dierent concentrations of the doped carbon dots dissolvegising a disc dision method on a Mueller Hinton Agar

in the culture medium. Then, 1A0of 3-(4,5-dimethylthiazol-2-yl) MHA) plate, against representative Gram-neg&iveo;
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H- te'“r""zo"“%nd Gram-positiveB( subtil)s bacteria. The antibacterial

(MTS) (G3580, Promega) was added to each well followed by 3 h . : : :
incubation in the dark at 3C. Subsequently, 100 of each well otential of the materials was assessed in terms of the diameter

was removed onto a 96-well plate, and the optical density (OD) was. the |nh|lb|t|on zone (|nd|cat(_es_ the susceptibility of_a
read on a multiwell microplate reader at 490 nm. Each condition wi¥Croorganism toward a bactericide compound). The disk-
tested in quadruplicate, including the control one. Two-way ANOVAI usion data presentedTiable I1shows that, among the two
withthe post-Dunnést method was used to analyze data sets usingQDs samples, the antibacterial activity of N-CQDs is higher
SigmaPlot 11.0. For this analysisyalue of <0.05 was considered against both bacterial strains compared to that of S-CQDs.
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AgMOF shows an almost-identical bactericidal activity agaifMIC90- 4.0 g/mL) but resistant to streptomycin
both strains, which is very similar to that of N-CQDs. Fo(MIC50 64 g/mL).*®
comparisonTable lalso includes the inhibition-zone ranges 3.2. Materials Characterization. To identify the factors
for water and DMF (solvents) measured against both strainthat play a key role in the bactericidal activity of the materials
The hybrid materials and composites (both AQMOF-S antested and to investigate if and how a synergistican the
AgMOF-N series) clearly show a marked enhancement of thbemistry arising from the composite and hybrid formation
antibacterial activity against both bacterial strains comparadects their interactions with the microbial cells, the
with their components. This enhancement is more-promorphological and surface chemical features were extensively
nounced against the Gram-negdfiveolithan the Gram-  examined.
positiveB. subtiljsvhich is in contrast with the trend observed The FTIR spectra of pure S- and N-CQDS, Ag-MOF itself,
for CQDs alone. The comparison of the activity of both serieend the composites and hybrids of the AQMOF with S- and N-
(AgMOF-S versus AgMOF-N) suggests a greater activity 6QDs are presented figures S1 and SHong with the
the AQMOF-N series than that of the AQMOF-S series towaidktailed analysis. On the spectrum of the initial AQMOF, the
both bacterial strains. Qualitatively, among both compositegical bands representing the carboxylate ligands of BTC
tested, AQMOF-N1 seems to be the sample of the greatesiordinated to the metal sites of the framework are seen. While
bactericidal activity. in the case of S-CQDs, sulfonic acids and sulfates are the
For quantitative determination of our materials bactericidgredominant S-containing groups, on N-CQDs, amines, and
activity, their minimum inhibitory concentration (MIC) was especially amides, are the main species. Both samples, and
determined. A growth inhibitory eet on both bacterial especially S-CQDs also contain carboxylic §f6tps.
groups was registeradt for CQDs. Thus, fdE. coliMIC Although the AgMOF-S and AgMOF-N sample series
values of 32g/mL were found for both S-CQD and N-CQD. exhibit features like those of AQMOF, the changes in the
No MIC could be stablished fd8. subtilisat the environment of the carboxylate ligands suggest the distortion
concentrations analyzed. However, when pure AgMOG&f the MOF framework caused by the interactions of the
particles were used, lower MIC values were determined fiaggands with CQDs. Changes in the coordination of the
Gram-negative and Gram-positive bacterial groups (MIC: Xfarboxylate ligands caused by the probable involvement of the
g/mL for E. coland 32 g/mL for B. subtilis=igure A,B). functional groups of CQDs acting as MOF linkers are seen. In
Moreover, the ectiveness of MOF was improved whenthe case of AQMOF-S1, the formation of a composite rather
nanocomposites and hybrid materials of Ag-BTC MOF with $han of a physical mixture of the components is supported by
and N-CQDs were used. The best results indicating the total absence of the four bands at 10080 cm?,
synergistic @ct of the composite formation were obtainedcharacteristic of the symmetric and asymmetric stretching
for the composite of AGQMOF with N-CQDs (AgMOF-N1) in vibration of O=S O in SQO;H and sulfates. These groups,
contact with Gram-negative bacteHa ¢o), where MIC along with carboxyl groups, can easily coordinate*to Ag
decreased from 1§/mL for AQMOF and from 3Zy/mL for centers and occupy the coordination sites around these
N-CQDS to 4 g/mL for AQMOF-N1 and to 8g/mL for ions>° and thus, they are likely involved in the composite
AgMOF-S1 Figure A). Interestinglyiz. colshows a similar  formation. Because for AQMOF-S2, the bands of O=8e
response to both hybrids and composites. still distinguishable, they are not involved in a chemical
The response & subtili®o our materials seems to be much reaction with AQMOF to the same extent as in the case of
weaker and more complex than th&E.ofoli AQMOF and  AgMOF-S1. The formation of a composite in the case of
hybrids and composites show similects (slight inhibition) ~ AgMOF-N1 is supported by the total absence of the bands
until 16 g/mL (Figure 1B). Then, MIC is found at 32/ linked to the stretching vibrations of C=0 an#i@roups in
mL. AgMOF-N1 seems to outperform AgMOF-N2. Bothamides. However, for AgQMOF-N2, these bands are still visible.
AgMOF-S1 and AgMOF-S2 show less bactericidal activishus, the FTIR analysis suggests that AgMOF-S2 and
againsB. subtilithan does AGMOF itself. These results fullyAgMOF-N2 are hybrid materials rather than composites.
support the qualitativendings discussed above about the X-ray photoelectron spectroscopy (XPS) was used to further
higher bactericidal activity of tested materials agaiosti analyze the surface chemistry of the materials, especially the
than againsB. subtili@nd about the superiority of the N- binding energy of Agd3and the Auger parameter (AP-
CQDs containing AQMOF composite over that containing S3ds;,M4N4sN45). The chemical composition on the surface in
CQDs or over those of hybrid materials in the disisidn atomic concentration percent and assignation of the core-level
tests. spectra of the constituent elements are shown in Z aiolés
When ceftiofur, enroxacin, gentamicin, trimethoprim, and 3, respectively. The Ad 8ore level spectra are also included
sulfadiazine were tested agdinstolistrains, the MIC at inFigure 5The C 5 O 1s S 3, N 1s and Adgddcore energy
which 50% of the strains were at or below {§IlZere less level spectra are presentediigure S3
than or equal to 0.03, 0.5, and 0.@8nL, respectivefy. The contents of elements on the surface of the composite
MICq, for these pharmaceuticals were 1.0, 0.13, 32.0, and 21d hybrid materials show some common trends: (1) less
g/mL, respectively. Mig values for such antibiotics as silver is detected on the physical mixture surfaces than on
ampicillin, orfenicol, neomycin, and spectiomycin were foundhose of the composites; (2) more nitrogen and sulfur are
to be >32.0, 8.0, 512.0, and >128/fnL, respectively. Thus, present in the in the physical mixtures than in the composites;
our materials are equal or better inhibitork faolthan the (3) compared to MOF itself, the hybrid and composite have
most common antibiotics. When silver nanocomposite wéess silver on the surface; (4) ratios of Agto C, O and S or N
tested againé. coliits MIC was 62.5g/mL against’ B. are higher in the composites than those in the physical
subtilisvas found to be sensitive to tetracycline MO g/ mixtures. These trends are apparently linked to the presence of
mL), vancomycin (MIC904.0 g/mL), and gentamicin  CQDs, which contribute to an increase in the carbon content;
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Table 2. Content of Elements on the Surface (in Atomic The Ag3d XPS core level spectra of all studied composite
Percent from XPS Analysis) and hybrid samples show a doubldy{&nd 3i;,) with an
energy separation of 6.0 &g(re Sy The Ag 8, binding

SR c © Ag N S energy values for AQMOF, AgMOF-S1, AgMOF-S2, and
N-CQDs 76.2 13.2 106 AgMOF-N1 are similar and range from 368.5 to 368.7 eV.
S-CQD8 305 44.1 8.7 The lowest value (367.9 eV) is found for AgMOF-N2.
AgMOF 49.59 2719 2322 Unfortunately, these values cannot be used to distinguish
AgMOF-N1 5393 2547 1750 811 Ag(0) from Ag(l) or Ag(ll). The use of the Auger parameter is
AgMOF-N2 6413  19.77 9.15 6.95 more adequate to identify theadient silver oxidation states
AgMOF-S1 5351 2504  19.80 165 hecause the AP does not depend on the sample charge shift
AgMOF-S2 5727 2501  14.44 3.29

and is more sensitive to changes in the oxidation state. The Ag
#16.7 atomic concentration percent Na is present in this sample. 3q spectra of AQMOF-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
the contents of CQDs are higher in physical mixtures thago-workers, however, have shown that a peak asymmetry may
those in the composites. occur even in insulators due to theiémce of post-collision

The N-CQDs were found to be containing 10.6 atomidnteraction between the photoelectron and the Auger electron
percent of nitrogen, which was mainly in amides and amiran the spectral line shape in the case ot pp@Boelectrons
groups. Their 13.2 atomic percent of oxygen was distribute#¢hen samples are irradiated with ApKotons. Ag MNN
between carbonyls and OH groups. This resulted in their regions are shown lifigure 2 where a complex structure of
potential being equal t06.47 + 0.67 mV/? However, S- peaks assigned to AgNiN,s and Ag MN,N,s Auger
CQDs had the majority of their surface sulfur (8.5 at % totalg¢lectrons is observed. AP ANMN 45 values were calculated
in sulfones and sulfates (44 atomic percent total), and oxygé#om the experimental binding energy of é&g and the
was mainly in sulfones and sulfates and also in carboxyioetic energy of the most intense peak existing on the right
groups. These groups lead tatential of 47.18 mV for S-  part of the Auger signal and are included at the bottom of
CQDs?? Table 3 The observed values are far from that for Ag(0)

Table 3. Results of the Deconvolution of § O 15 S 2, and Ag 8 Core Energy Levels, and Auger Parameter AP-
3d5/,M4N45N45

BE (eV) bond assignment AgMOF AgMOF-S1 AgMOF-S2 AgMOF-N1 AgMOF-N2
Cils
284.8 CCinsp 71.3 80.7 55.5 56.6 41.6
graphitic carbon
286.0 C(O,N,S,H) in 4.3 33.3 16.7 34.1
phenolic,
alcoholic, etheric
287.6 C=0 in carbonyl 7.7 24.3
or quinone
288.9 OC=0in 244 19.3 35 26.7
carboxyl or ester
O 1s
531.4 C=0 in carbonyl/ 90.6 92.0 90.6 88.7 88.5
quinone or
sulfoxides/
sulfones
533.1 phenol/epoxy/ 9.4 8.0 9.4 11.3 115
carboxyl/ether or
(0]
chemisorbed
oxygen species
S Py
162.3 mercapto, sde 45.6 151
168.2 RSOH in 54.4 84.9
sulfonic acids
N 1s
400.2 NH amides, NH 100 100
amines, Pyrroles
Adds)>
368.7 100
368.5 100 100 100
367.9 100
AP-35;, MyN4:Nys (eV)
AgMOF AgMOF-S1 AgMOF-S2 AgMOF-N1 AgMOF-N2
723.6 723.3 723.0 723.3
723.6
F DOI:10.1021/acsabm.8b00166
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lowest contribution of oxygen in carbonyl and carboxylic
groups compared with the AQMOF-S series or pure AQMOF
AgMOF-N2 (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 AQMOF units. In the case of AQMOF-S1, sulfonic
acids are likely linkers contributing to the composite
formation.
The crystalline structures of AQMOF and the composites
and hybrid materials were analyzed by X-mragtion Figure
SH. The di raction patterns of AQMOF 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 SOH and sulfate groups to the*Agnters,
and it is in agreement with the results of the FTIR analysis.
AgMOF To obtain structural information on both N- and S-CQDs
materials at the molecular levéC CP-MAS ssNMR
— T T T experiments were performed. Results are shévwguia S6
350 354 358 362 The '3C resonance signals correspond to poly-
Kinetic energy | eV (vinylpyrrolidone)® and poly(4-styrenesulfonafejtructures
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:3THeP-
MAS spectrum of the AgMOF shows only two resonance
(726.5 eV) and near that of Ag(l) 724.@.2 eV. The main ~ signals at 132.4 and 171.3 ppm, which were assigned to the
di erence, however, comes from the shapes of the Auger peBk§€ molecule aromatic and carboxylic acid carbanse
that are similar to those observed in the case of Ag(fy salts:3). The comparison of tHéC CP-MAS spectra corresponding
Therefore, the results indicate that on the surface of all studit@l each AgMOF sample containing either S- or N-CQDs
samples silver exists as Ag(l), but the observed lower valuegdicate that the presence of the CQD particles did not alter
the APs with respect to that of Ag(l) (724.0 eV) are due théhe AgMOF structure markedly. THE resonance signals
coordination of silver to sulfur in samples AgMOF-S1 andssigned to the S-CQDs and N-CQDs structures remain in the
AgMOF-S2, to nitrogen in samples AQMOF-N1 and AQMOFAgMOF-S2 and AgMOF-N2 sample§Q = 40.1, 44.3,
N2, and to the oxygen in carboxylate for AQMOF. For thd26.0, 141.2, and 146.9 ppm; for S-CQDs H@d= 18.4,
composites (AgMOF-S1 and AgMOF-N1) and hybrid31.7, 35.8, and 43.3 ppm, for N-CQDsgure SpH
materials (AgMOF-S2 and AgMOF-N2), a slight shift of thdnterestingly, these signals are absent in the AQMOF-S1 and
AP-35, MyN4Nys to a lower binding energy compared to AQMOF-N1 composite samples. Because all sE\iR
pure AgMOF (energy for pure AQMOF is 423.6 eV) is linkedpectra were acquired under the same experimental conditions,
to electron transfer from the AgMOF to the S- and N-CQDsthese results indicate the high dispersion of CQDs and their
This shift is less pronounced for the AgMOF-N2 hybridsmaller amounts in the AQMOF-S1 and AgMOF-N1 systems
material. The deconvolution of the ©cbre energy level than those in the AQMOF-S2 and AgMOF-N2 hybrids. To
spectra shows that AQMOF-N1 and AgMOF-N2 exhibit théurther explore the dirences between the samples tébted,

w w
., I, w . slo3Na
5 236 \ w
,& o (H) 22 I\ 2
O — T T T T d T T T T T d
N
w w
w

AgMOF-N1

AgMOF-S2

Intensity + constant / c s

T T T
342 346

Figure 2.XPS detailed regions of Ag MNN for (from bottom to top)
AgMOF, AgMOF-S1, AgMOF-S2, AgMOF-N1, and AgMOF-N2.
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Figure 3.*H 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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MASssNMR experiments were performed. Results are shovjyeyrrs
in Figure 3

TheH-MAS spectrum of the AgMOF sample shows signa
corresponding to the BTC moleculestt=8.9, 7.8, 7.2, and
6.5 ppm together with dirent water environments in thie
range of 61 ppm (1.0, 1.4, 3.5, 4.6, and 5.4 ppmure
3).°>°° The water types were assigned throughtH2BC
HETCOR experiments applying long contact times (2 ms) il
the cross-polarization step. In this 2D experiment, the enti

correlation with any of the protons associated with the wat(Fe#
environments at théH range of 61 ppm Eigures S7 and /

A total of four unique kinds of proton of the aromatic BTC ;i 7}3./400';,,.,,‘
molecule can be idergd in thetH MASssNMR spectrum of = -
AgMOF. Thus, the BTC molecules remain irerdit gk ¥ AsMOF-N2
chemical environments. Such BTC molecules can also St R\ 7 L T
localized in amorphous or ordered regions or in any otheg & - o
molecular organization of the AQMOF system, giving rise -
four *H resonance signals. Theseminces can be inferred oY [ o &
through the'H dimension Figure 3 becauséH atoms are SRR - S 5 MRS
more sensitive to changes in the electronic surrounding of t | ' 4/ 3 £ 400 nm
AgMOF structures thafC atoms are. In the composites and

hybrids, the AGQMOF structures are preserved, as demonstrafi@re 4 SEM images of AgMOF, AgMOF-S1, AQMOF-S2, AgMOF-
by the same resonance signals assigned to the AgM®&E AGMOF-N2, and AQMOF-N2.

structure in thesNMR experiments (FigurgdsaindS?). H-
MAS spectra of the AQMOF-S2 and AgMOF-N2 samples are ] o )

the sum of both AQMOF and S- and N-CQDs spectrdAMOF-N1) led to rods with sigmiantly increased
containing the same water populations as in CQDs. AdditioHlameters_ that are about twice of the sizes of those for M_OF.
ally, some rearrangement of the water populations associatelfiterestingly, some of them are assemblies of a few twisted
with AgMOF are observed in these samples<(6 4 ppm: rods of a helix morphology. In the case of the hybrid materials
Figure } They are probably a consequence of their contad*9MOF-S2 and AgMOF-N2), the characteristic rod-like
with the water molecules present in the synthesis medium.%ape is hardly distinguished. This is likely caused by the

L,

addition, the signals corresponding to the S-CQDs aroma StDrUCt'?n Of{ som% I\(IOFthcrystaI?hby_water, w(;uch W%S] the
protons were augmented by the proton resonance sign%ég solvent used in the synthesis proceaure. ese

corresponding to the AgMOF structure, giving rise to a broa servations suggest t_hat a rod-like mqrphology of_the
peak at 7.3 ppm. composite materials might favor the antibacterial activity

As in the case 61C-MAS, the signals corresponding to the(AgMOF'Sl and AQMOF-N1 composites are more active than

; are compared with the hybrid materials, AgMOF-S2 and
CQDs structures in AQMOF-S1 and AQMOF-N1 samples WeEgMOF-IEIZ). The separati)(/)n of rods mightgpromote the

not observed in thiél-MAS spectra. Nevertheless, a complet OF-component destruction by water solvent of the biacteria
rearrangement of water clusters took place, as evidenced by; and thus promote the release of silver cations in the

appearance of new watét resonance signals that were P : :

) . proximity of the paper disk covered by our active phase. Even
completely derent from th(_)se observed in the AgMOF'Szthough the comparison of the image of the two composites
and AgMOF-N2 samplesigure 3. These new features injjcates that, in the case of AQMOF-S1, the rods are smaller in
support the composite formation. _ _ size than in the case of AgMOF-N1, AgMOF-N1 shows a
. The di erences in chemistry areerted in the dierences reater antibacterial activity than does AgMOR<8le( 1
in potential of our samples The values measured for AQMOE;q Figure ). This is contrary to most studies that reported
AgMOF-N1, AGMOF-N2, AgMOF-S1, and AgMOF-S2 argnat the small size of AgNPs is an essential parameter
26.8+ 3.8, 21.1+ 0.1, 16.4+ 0.7, 54.1% 0.7, and 43.0 overning their ability to inhibit bacterial grékthNever-

+ 0.2 mV, respectively. The negative values are linked to tfisless, a greater antibacterial activity of larger-size rods in our
presence of BTC in the structure. Relatively less negati¥gse is in agreement with a study by Kazmi and co-workers,
values for the samples containing N-CQDs are linked to thejfho reported an enhancement in the antibacterial activity of
amine functionalities, which bring positive charge. For th&g-NPs functionalized with CNTs with an increase of the size
samples with S-CQDs, the very-negative values are the respiltthe Ag-NPs attached to CN'T&hese results also suggest
of the contributions of sulfonic acids from these carbon dotshat other factors than the particle size mact athe

The SEM images of the surfaces of the samples tested argibacterial activity of our samples. Interestingly, the surface
presented inFigure 4 The AgMOF consists of long-rod of the composite rods (AgMOF-S1 and AgMOF-N1) is
shaped particles, with diameters varying from 100 to 400 nperforated, and sutiole$ are not visible in the morphology
consisting of many nanoparticles. The addition of S-CQDs indd the hybrids (AgMOF-S2 and AgMOF-N2). This perforation
1:1 ratio (AgMOF-S1) led to the formation of much longermight positively @ct the performance of the composites and
and regular rods of almost half the diameters of those in MCilirther promotes the release of silver from the MOF structure
itself. However, the addition of the N-CQDs in a 1:1 ratioon contact with hydrated bacteria.
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Figure 5.TEM images of (A) AgQMOF, (B) AgMOF-S1, (C) AgMOF-S2, (D) AgMOF-N1, and (E) AQMOF-N2. Particle size distribution
histograms obtained from TEM analysis are also provided.

To get a deeper insight into the activity of our materials, thim the spect crystallographic structure. Because, in the case of
morphology of the rods was further analyzed by highecomposites and hybrids, these silver oxide particles are smaller
resolution transmission electron microscopy (HR-TEM). Thehan those in MOF, this might be one of the factor explaining
TEM images are collectedHigure 5They show that the Ag the higher antibacterial activity of the composites and hybrid
components in all composites and hybrid samples are wetaterials than that of Ag-MOF.
dispersed, with predominate sizes of about 6 nm in diameterThe energy-dispersive X-ray (EDX) elemental maps
They resemble the size of CQDs. However, the sizes of the piggsenting the composition of the rods in MOF and the
component in Ag-MOF are about 50% larger. The carbon dotemposites are includedFigure 6along with the element
are not visible owing to the very strong signal from silver. Thentents. Consistent with the results of the XPS analysis,
presence of silver component spherical particles is carbon is in the majority. While the content of silver is similar
consequence of the same Ag-MOF component in all samplesboth composites, in Ag-MOF, its content is slightly smaller.

A large size of the silver particles in MOF suggests that silFégure 6shows the chemical composition of bulk determined
oxide nanopatrticles, as indicated from XPS analysis, are foragd EDX. For AgMOF and AgMOF-S1 samples, the
in the process of the MOF synthesis and deposited within tl@ncentration of Ag in the bulk is lower than that observed
nanorods. Nevertheless, some silver ions must coordinateotothe surface, as determined by XPS, especially in the case of
carboxylic acid linkers forming the MOF framework, resultingample AgMOF. For AgMOF-N1, the concentration of Ag is
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Figure 6.EDX elemental mapping of AQMOF, AgMOF-S1, and AgMOF-NL1.

similar on the surface and in the bulk. However, the molaxompounds dissolved in the culture medium reach equilibrium
ratios for Ag to C are much higher on the surface of all sampliesact as an extra source of carliogufe §, as mentioned
(0.46, 0.32, and 0.37 for AgMOF, AgMOF-N1, and AgMOFabove. This suggests that N-CQDs act as a source of energy or
S1, respectively) than in the bulk. In the latter case, the molalter some route in the cellular metab&fism.
ratios of Ag to C are 0.19, 0.23, and 0.22 for AQMOF, AgMOF- Confocal images were recorded, and an example for
N1, and AgMOF-S1, respectively. There is also a similarity AgMOF-N1 is shown iRigure 8Some nanopatrticles in the
the distributions of silver and oxygen, which supports theytoplasm are visible. Spherical aggregations occur, and it can
presence of AQ. In the case of the composite with S-CQDs,be explained by the interaction of these nanoparticles with
there are similar distributions of all atoms in the sample. Whig®sme components of the cell culture medium (DMEM)
Ag, O, and C seem to be clustered to some extent, sulfurdariched with fetal bovine serum (and other components such
dispersed through a whole rod volume, which indicates it&s mineral salts;glutamine, and antibiotics), which mainly
bonds with both carbon and silver. contain proteins that favor cell growth and antibiotics.
The distribution of silver in Ag-MOF siguintly diers Moreover, our nanoparticles are highly negatively charged,
from those in the composites. It is very evenly distributed iand due to this factor, the adsorption process with proteins
the rods and certainly associated with oxygen and carbatcurs.
which is expected for the MOF structure. Thereinces 3.4. Mechanism of the Antibacterial Activity. The
between Ag-MOF and the composites suggest that, in tlatibacterial activity of the materials tested, combined with
latter, silvefconcentratéson the CQDs, whose functional their extensive surface chemical characterization, indicate that
groups are seeds for growing MOFs. their enhanced activity compared to that of AQMOF is caused
3.3. Cytotoxicity. For the application of any compound as by a synergy between the composite components and
bactericide to protect living organisms, the toxicity of thidistortion of the chemical environment of silver. A mechanism
compound needs to be evaluated. The results are presentegaverning the antibacterial activity of the samples is proposed,
Figure 7 AgMOF and AgMOF-S1 dissolved at hightaking into account the interactions that occur between the
concentrations in the culture media caused a decrease in taterial cell membrane and other Ag- and graphene-based
proliferation, which could be associated with the incorporatisystems (i.e., Ag-CNTs, Agghene, and Ag-graphene
by the cell of some toxic molecules released from ioxide)*°®* ®2 The dierence between our samples and
Interestingly, at low concentrations, an increase of thtose addressed in the literature is in the extent of these
proliferation was observed. At these conditions, the toxioteractions, which is governed by the complex chemistry of
molecules released might be in rather small amounts and reétol samples. The latter likelgets the amount and speed of
a balance with the ones that are beakfor cells, such as silver ions released to the bacteria medium.
carbon, which acts as a source of energy and allows ceKazmi and co-workers attributed the antibacterial activity of
proliferatiorr®° However, dispersing the AgMOF-N and AgNPs functionalized with CNTs towBrdtolto the release
AgMOF-S2 series in the culture media does not have awny Adg and the adhesion of the Ag-NPs to the bacterial cell
negative eect on the cells, either because they are more-stablall?” Cell death was caused by the damage of cellular walls
compounds in solution or because the molecules releasedlmrause of the interactions between the silver ions and thiol
not interact with the cells in any way at high concentrationgroups of the enzymes and proteins. An enhanced bactericidal
Nevertheless, at low concentrations, these compoundstivity of their nanocomposites was also linked to the particle
stimulate cell proliferation, which increases as the exposaahesion on the cell wall, which, by producing and forming
time increases, probably because at these concentrations,hbles, allowed the particle penetration inside the bacteria cells,
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Figure 7.Comparison among the OD values of control aededit concentrations of Ag-MOF and their AQMOF-N,S series-treated cells. Single

asterisks indicake< 0.05.

where they further acted 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 reactivetihey

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 graph&r@imilar physical damage of the

cell membrane has been also reported for AQNPs decorated
with graphene quantum dots (Ag-GQDs).

In our case, a complex mechanism that involves all of the
above-mentioned processes takes place. It strongly relies on the
specic surface features of the samples. It is expected that
AgMOF and CQDs containing samples follow a similar

Figure 8.Representative confocal image of cells after 72 h of theechanism to that of other AgNPs reported in the literature,
treatment with AQMOF-N1. (1) Nanoparticles outside cells; (2)with an additional ect from the incorporation of CQDs into

nanoparticles in the cytoplasm.

the MOF structure. In the case of AgGQDs nanocomposites, it
was found that an enhanced internalization of the composite
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inside the bacterial cell was promoted by the interactioriely got partially disintegrated outside the cells, and silver
between the O-containing functional groups of GO and thimns (Ag) were released in this process. An adhesion of the
lipopolysaccharides of the bacteria, which, in turn, increasearticles to the cell walls still should take place, producing
the interaction of AgNPs with the bacféfialt has to be holes on them and thus disturbing their structure. However,
mentioned here that both series tested show similar activity doie to the size restrictions, related to the size of the rods, the
E. coliand similar tdB. subtilisand the activity toward the components from the decomposition of the composites and
latter is much smaller than that towardoli There are no  hybrids, rather than the tested materials themselves, penetrate
statistical dierences in the MIC between the samplesthe disturbed cell walls much moreiently. As indicated by
Considering the contents of silver-based MOF in all sample§RS, EDX mapping, and the size analysis of the samples, one
and assuming that bactericidal action is linked only to the silvgoup of active components are silver oxide particles, which, in
release from the samples, its activity in the composites aiid case of the composites and hybrid materials, are smaller
hybrids is much greater than that in MOF itSelble 3. than those in MOF. A larger size ofQAganopatrticles in the
However, we cannot forget that CQDs alsotdahe bacteria case of the parent AQMOF is one of the factors explaining its
environmefit (Table ). The results suggest that associatinglower antibacterial activity compared with that of the
silver with nitrogen in amide and amines by complex formatia@omposites and hybrids. Moreover, the analysis of the atomic
or by providing more of that nitrogen inhibits Ehecoli concentration percent of silver detected on the surface to the
growth. That nitrogen, besides making silver more mobile, alsmount of bulk silver from EDX analysis indicated a larger
brings more positive charge to the particles. As seen from thgglomeration of silver on the surface than in the bulk for the
-potential measurements discussed above, N-CQD-containmgprids and composites than for the MOF, which resulted in
samples have the least-negatp@tential ( 16.4+ 0.7 and its easier release a$.Agnother factor is the coordination of
21.1+ 0.1 mV for AgQMOF-N2 and AgMOF-N1for N- silver to NH groups and its ionic bonds with sulfonic groups
CQD is 6.4& 0.67 mV); therefore, their mity for negatively  of CQDs. That form of silver is likely easily released and
charged membranelfcolshould be greater than that of the penetrates eciently the cell membranes.
samples containing S-CQDs, which are the most negative. Th&he high anity of silver for sulfur is the key parameter
potential of AGQMOF is in-between the values for the twa@overning its antibacterial acti¥itgilver on the surface of
series of hybrid and composite. Even thouglEbothandB. AgMOF or the composites and hybrids materials rather than
subtilidqvave a similar cell-membrane composition, consisting sifver in the bulk should be more important. The direct contact
polysaccharide subunis,subtiliss more negatively charged of surface silver with the cell membrane isrdtgoathway
than isE. coliThis partially explains the slightly lower activitiegshrough which it reacts with the S-containing proteins, which
of AQMOF-S1 and AgMOF-S2 toward the Gram-positivare found in abundance in the cell membfake indicated
strain @. subtil)scompared to the Gram-negative str&in ( from the SEM images, the separation of the rods in the
col). composites likely favors the destruction of the MOF

Previous studies linked an enhanced inhibitieat ®f component by the aqueous solvent of the bacterial food,
AgNP nanocomposites with reduced graphene oxide or wiglnomoting the release of silver cations. The reledsiedmg
graphene quantum dots to AgNPs becoming positively chargbe decomposition of the MOF framework makes an additional
as a result of charge and electron transfer from the AgNPsdontribution to the inhibition of the cell viability by interacting
the graphene phaSé? In our case, a similar mechanism alsowith various aspects of the cell physiology, such as S- and P-
partially explains the improved bactericidal properties of tlntaining proteins, nucleotides, or the BNAlnteractions
composites and hybrid materials compared with those of puréthe released Awith thiol groups of the dérent enzymes
AgMOF. This mechanism is supported by the XPS resultand proteins of the cell physiology (such as amino acids or
which suggest an electron transfer from the parent AgQMOF tutathione)° are expected to occur. Such interactions would
both S- and N-CQDs. In the case of the composites, howevegsult to the oxidation of these reduced S-species (thiols) in
such a charge transfer is likely facilitated by the coordinationtb® cells and the simultaneous reduction of silver iofs (Ag
sulfonic groups and sulfates, amines and amides, and carbésya result, metallic silver {Agnd silver sutles (AgS) are
groups of the S-and N-containing CQDs to the#gters of  expected to be formed. This hypothesis isedely the
the MOF component. As a result of this process (chargehanges in the color of the samples upon their expoBure to
transfer), the AgMOF component gets positively chargedpliandB. subtiliFigures9 andS9. The color changed from
which enhances its electrostatic interactions with the bactenghite and pale yellow, which was the original color of the
cell membranes. In the case of the hybrid materials, in contrasttial composites and hybrids, to black and brownish (in the
FTIR analysis indicated that the involvement of sulfonicase oE. cojior greenish gray (in the cas@osubtil)s The
groups and sulfates and of amines and amides of CQDs img@neration of a black and brownish color supports the
hybrid formation is much more limited (almost negligible)proposed formation of silver sigls (AgS). The formation
compared to the composites. Therefore, it is expected that tbE metallic silver, as a result of the reduction "ofisAglso
charge transfer as a mechanism governing the antibactesigbported by the appearance“sifver haldsaround the
activity of the hybrids will occur to a smaller extentexhaustédsamples in the case of both bacterial strains
Nevertheless, more-disordered structure and more CQIPBigure . It is worth mentioning that, in addition to ionic
inhibiting the bacteria growth by themselves can compensaib/er, Ay has been also reported to exhibit antibacterial
the limiting charge-transfeeet. activity®’

The report published in the literature also suggested that theDi erences in the color of AgMOF-S1 and AgMOF-N1
penetration of nanocomposites inside the bacterial cell w@ack versus brownish, respectively) in the c&seoliare
facilitated by the formation of holes on the cell walls, as a reslikiely related to the dérent chemical composition of S- and
of the nanocomposite particles adhesion to “themthis N-CQDs. More precisely, the S-containing composite, upon
study, due to the relatively large sizes of the rods, the partictemtact with thiol-containing compounds or amino acids, is
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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 higlityaof
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 ion3. (Ag
The formed metallic silver (A@nd silver sutles (AgS) 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 thé éenters 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
rgomponent 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
expected to further contribute to the formation of silvefositive charge on AgMOF, facilitated the electrostatic
sul des. This explains the darker color of AJMOF-S1 seriéateractions of the composites with the bacterial cell
than that of AQMOF-NL1. membranes. In the case of hybrids, CQDs also contributed
To verify that the formation of théséver haldss related to an inhibition eect. The inhibiting activity of the materials
to the antibacterial activity and not to the interactions of théested was comparable to or better than that of some
composites with water or bacteria-growth medium, AgMOﬁﬂtibiOtiCS. All of the compounds used at low concentrations
the AQMOF-S series and AgMOF-N series were distributed @fie¢ benecial for the cells, and their eet increases
the disks on an agar plate with no bacteria. AgN®AgNPs  proportionally with the exposure time. The negataetse
were also tested as reference sarfijglese S&hows thatin  on cell proliferation observed in AQMOF and AgMOF-S1 at
pure agar, the silver rings were not formed. Apparently, a sligiigh concentrations disappear when AgMOF is functionalized
color darkening is related to the reactivity of silver ions witwith N.
hydrogen sutle present in air. Here the most active are the
hybrid samples even though their silver content on the surface ASSOCIATED CONTENT
was smaller than those in the composites. Interestingly, A9 supporting Information

color changes were observed for Agal@ AgNPs. This  The Supporting Information is available free of charge on the
indicates higher reactivity of silver in the composites andlcs puplications websaieDOI: 10.1021/acsabm.8b00166

hybrids than on silver nitrate or AgNPs. i
Details on FTIR, XPS, and NMR spectra; XRD
4. CONCLUSIONS di raction patterns; and the picture of color changes

Using qualitative and quantitative approaches it was demon- that occur on the samples tested when plated without
strated that composites and hybrid materials of Ag-BTC MOF  the addition of bacterie?PP

with S- and N-CQDs exhibit antibacterial activity against
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