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Abstract: To overcome the problems of excessive ion release of inorganic antimicrobial agents and the
biological toxicity of organic antimicrobial agents, metal organic framework (MOF) materials are attract-
ing attention in the antimicrobial field due to their tunable structural properties and multifunctional
applications. Most current studies are limited to zeolitic imidazolate framework-8 (ZIF-8), which has low
antimicrobial efficiency by component release. Two-dimensional (2D) zeolitic imidazolate framework
nanoleaf (ZIF-L) possesses better antimicrobial effect than ZIF-8 because of the physical destructionto
bacteria by its blade tip. However, the in-situ synthesis method of two-dimensional ZIF-L, and the
problem of leaf accumulation, limit the wider application of ZIF-L. In this paper, three-dimensional(3D)
flower cluster-like ZIF-L (2-3 um, +31.23 mv), with better antibacterial effects and a wider application
range, was prepared by stirring without adding other reagents. To further improve the antibacterial
performance of ZIF-L, nitrogen-doped carbon dots (NCDs) were electrostatically absorbed by ZIF-L to
obtain NCDs@ZIF-L composites. The NCDs@ZIF-L composites showed over 95% and 85% antibacterial
efficiency against E. coli and S. aureus, respectively, at a concentration of 0.25 mg/mL. In addition,
polylactic acid (PLA) films mixed with ZIF-L and NCDs@ZIF-L composites with PLA showed good
antimicrobial properties, indicating the applicability of ZIF-L and NCDs@ZIF-L composites for antibac-
terial materials. With a unique three-dimensional crystal shape and positive surface charge, ZIF-L and
NCDs@ZIF-L composites exhibited excellent antibacterial properties, which provided a new perspective
for the study of antimicrobial materials.
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1. Introduction

Over the past few years, microbial infections have attracted more widespread attention
than ever before from researchers and the public [1-3]. According to a recent research report,
the number of deaths related to bacterial infection reached 7.7 million in 2019, making it the
second leading cause of death in the world [4]. Moreover, antibiotic abuse has led to the
emergence of multi-drug resistant pathogens (MDR), which has exacerbated the problem of
bacterial infections [5,6]. In response to the abuse of antibiotics and the emergence of MDR,
the development of highly efficient antimicrobial materials has attracted the attention of
researchers in the field of nanotechnology and materials science [7,8].

Many antimicrobial materials, including metal ions [9,10], photocatalytic semiconduc-
tors [11,12], organic small molecules [13,14], and carbon-based nanomaterials [15-17], have
been extensively studied. Among them, metal-organic frameworks (MOFs) [18-20], materials
represented by zeolitic imidazolate frameworks (ZIFs), have become new research hotspots
because they have shown advantages in overcoming the excessive metal ion release [9] and
low light absorption efficiency of photocatalytic materials [21]. ZIF-L, formed by linking
zinc ions and the organic ligand 2-methylimidazole (Hmim), has the same structural unit as
ZIF-8 [22]. Both ZIF-L and ZIF-8 have good antibacterial properties, releasing Zn ions and
imidazole-like antibacterial organic ligands [23]. Furthermore, ZIF-L has a unique structure
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that can physically damage bacterial cells, and has a better killing effect on various bacteria,
including MDR [24,25]. Moreover, it is more economical and environmentally friendly due
to its aqueous solvent synthesis method and lower metal-organic ligand ratio [26]. ZIF-L is
usually expressed as a two-dimensional (2D) blade shape, and has been mainly used in the
form of a 2D nano-dagger in the antibacterial field. A ZIF-L nano-dagger is typically grown
in situ on the surface of the target materials, and prevents bacterial growth by destroying
adherent microbial cells through its sharp tips [27-29]. Although 2D ZIF-L has shown excellent
antimicrobial properties, there are still some issues. For example, in situ synthesis methods
are cumbersome and destructive to most materials, and the accumulation of 2D ZIF-L reduces
its antimicrobial efficiency, which limits its application [30,31].

In this study, a stable three-dimensional (3D) flower cluster-like morphology of ZIF-L,
with 2D ZIF-L sharp tips, was prepared. The 3D ZIF-L was synthesized with simple stirring,
without adding other auxiliary reagents, and overcame the problems of damage to the
target materials during in situ growth of 2D ZIF-L, which made 3D ZIF-L more widely
applicable. At the same time, nitrogen-doped carbon dots (NCDs) were compounded onto
ZIF-L by simple stirring. Maintaining the cluster morphology of 3D ZIF-L, NCDs@ZIF-L
composites also showed better stability and antimicrobial effect, which provides ZIF-L
materials a wider application prospect in the field of antibacterial materials. Polylactic
acid (PLA), with good biocompatibility and complete degradability, is widely used in
biomedical applications, and is necessary to provide PLA antimicrobial properties. Here,
ZIF-L and NCDs@ZIF-L composites were compounded with PLA to obtain composite
films. The prepared PLA composite membranes exhibited good antibacterial properties in
antibacterial experiments, which confirmed the applicability of ZIF-L and NCDs@ZIF-L
composites. (Scheme 1)
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Scheme 1. Schematic diagram of the main properties of 3D ZIF-L and NCDs@ZIF-L composites.

2. Materials and Methods
2.1. Materials

2-Methylimidazole (Hmim, 98%) was purchased from Chengdu Zhuopu Instrument
Co., Ltd. (Chengdu, China) Zinc nitrate hexahydrate (Zn(NO3),-6HO, 99%), citric acid
(CA, 99%), and diethylenetriamine (DETA, 99%) were purchased from Chengdu Cologne
Chemical Co., Ltd. (Chengdu, China) Polylactic acid (PLA) was purchased from Chengdu
Nanding Medical Material Co.(Chengdu, China) All reagents were analytical grade and used
without further purification. The Escherichia coli (E. coli) ATCC 25923 and Staphylococcus aureus
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(S. aureus) ATCC 29213 used in the antimicrobial experiment were purchased from the Beijing
Microbiological Cultural Collection Center (BJMCC). Mouse epithelial fibroblast L929 cells
were obtained from the National Engineering Research Center for Biomaterials (Sichuan
University). All water used in this study was deionized water (18.2 M()) prepared by the
ultrapure water system (RES.J Scientific Instruments Co., Ltd, Xiamen, China).

2.2. Synthesis of ZIF-L and NCDs@ZIF-L Composites

Synthesis of ZIF-L: A total of 0.003 mol of zinc nitrate hexahydrate and 0.024 mol
of Hmim were separately dissolved in 60 mL of deionized water. After dissolution, zinc
nitrate solution was slowly added to the Hmim solution, magnetic stirred for 24 h at room
temperature, then allowed to stand for 24 h. The solution was centrifuged at 8000 r/min for
10 min, washed three times to remove excess Hmim, and vacuum dried at 60 °C to collect.

Synthesis of NCDs: NCDs were synthesized by the one-step hydrothermal method.
A total of 0.008 mol of citric acid was dissolved in 20 mL of deionized water. Then, 1 mL
diethylenetriamine (DETA) was added and the solution was magnetic stirred to mix well.
Then, the solution was put into a polytetrafluoroethylene autoclave and heated to 200 °C for
5 h. Once cooled to room temperature, the solution was removed from the reactor and filtered
with a 0.22 pm filter membrane. The filtered liquid was dialyzed in a 500 Da dialysis bag with
deionized water for 24 h, and the inner solution was freeze-dried to obtain powder.

Synthesis of NCDs@ZIF-L composites: The composite materials were synthesized
by adjusting the reaction time and raw material ratio. A mass ratio of 4:1 of ZIF-L and
NCDs was added to 20 mL of deionized water. The solution was magnetic stirred for 4 h at
room temperature, centrifuged at 8000 r/min to obtain the precipitate, and vacuum dried
at 60 °C to collect powder.

2.3. Characterizations

The morphologies of ZIF-L and NCDs@ZIE-L composites were characterized by trans-
mission electron microscopy (TEM, Talos F200S G2, Waltham, MA, USA). The powder X-ray
diffraction (XRD) patterns were detected using a Rigaku Ultima 1V diffractometer with
Cu Ko radiation. Chemical compositions of materials were studied using Fourier infrared
spectroscopy (IR, NEXUS 670, Madison, W1, USA) and X-ray photoelectron spectroscopy
(XPS, Thermo Scientific K-Alpha, Waltham, MA, USA). The bonding energies were cor-
rected using the standard peak position (284.8 eV) of carbon element. The UV-Vis spectra
of the materials were measured by UV-Vis spectrophotometry (UV6100, Shanghai, China).
The fluorescence spectra of materials were detected using a fluorescence spectrophotometer
(F97-Pro, Shanghai, China). The surface morphologies of bacteria after material treatment
were characterized by scanning electron microscopy (SEM, JSM 7610F, Akishima City,
Japan). The Zeta potentials on the surface of the materials were measured using a nanopar-
ticle size and Zeta potential analyzer (Malvern Zetasizer Nano ZS90, Malvern, UK). The
results of the Propidium iodide (PI) staining and 33342 staining experiments were observed
by fluorescence upright microscopes (XD-RFL, Ningbo, China) and photos were taken with
color research-grade CCD cameras (S1TUC01C/M, JPLY Technology, Guangzhou, China).

2.4. Water Stability Tests

ZIF-L and NCDs@ZIF-L composite powders were placed in deionized water at room
temperature to study their water stability. The water stability performance of ZIF-L and
NCDs@ZIF-L composites were quantitatively evaluated by UV-Vis spectrophotometer [32].
The absorbance of the organic ligand Hmim at 203 nm at different concentrations was
measured by UV-Vis spectrophotometer and the standard curve of Hmim was established.
The degradation of the materials was obtained by measuring the absorbance of the filtrate
at 203 nm against the standard curve.

This was performed as follows: An amount of 20 mg synthesized material was dis-
solved in 10 mL of deionized water and placed at room temperature for 5 days. The
solution was placed away from light to eliminate the effect of photodegradation of ZIF-L.
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Samples were taken at intervals and filtered using a 0.22 um filter membrane. The filtrate
was measured for the absorbance at 203 nm.

Diluted hydrochloric acid was added to the sample solution and adjusted for acidity.
The solution was held until completely clarified and its pH was measured to be 3-4. Then,
the solution was placed in the dark for 72 h to study its stability and component release
after acid adjustment. Samples were taken at intervals and measured for the absorbance of
Hmim at 203 nm.

2.5. Antibacterial Tests

Culture of bacteria: Using Gram-negative E. coli and Gram-positive S. aureus as model
pathogens, the antibacterial activity of samples was tested. Disposable inoculation rings
were used to dip the purchased beveled preservation culture and lined up on the inverted
plate. After inoculation, the plates were placed in a sterile incubator at 37 °C. After 16 h of
incubation, several single colonies were picked up into sterile liquid medium. The liquid
medium was incubated in a constant temperature incubator at 37 °C for 14 h. Then, the
bacterial solution was adjusted to ODgy = 0.3 using liquid medium/sterile PBS for use.

Absorbance method: The bacterial solutions were diluted with sterile PBS to obtain
a bacterial solution with ODgyp = 0.1. A total of 1 mL of bacterial solution was pipetted
into several sterile centrifuge tubes, and three material solutions were added. Then, the
concentrations of materials were adjusted to 0.5 mg/mL. Sterile PBS was set up instead
of material as a negative control group. After light/dark treatment for 2 h, the samples
were incubated with the bacterial mixture in a constant temperature shaker chamber at
37 °C for 72 h, and 100 uL of the mixture was taken from each sample every 12 h and
place in a 96-well plate. The absorbance of ODsyg was measured by microplate reader
(D2004W, Meiying Instrument Manufacturing Co., Ltd, Shanghai, China) to quantify the
antimicrobial properties of the material.

Plate counting: The ODgg = 0.3 bacterial solution was diluted 10° times; the 100 pL
bacterial solution was taken into several sterile centrifuge tubes, and then different con-
centrations of sample solutions were added to obtain a series gradient concentration of
materials and bacterial mixtures. The mixtures were incubated in a constant temperature
shaker chamber at 37 °C for 4 h. After incubation, 100 uL. mixed solution was taken and
evenly applied to the plates. Three plates were coated in each sample group, and sterile
PBS was set up as a negative control group. The coated plates were incubated overnight
in a 37 °C incubator, and colonies on the plates were counted the next day to quantify the
antimicrobial properties of the materials.

2.6. Antibacterial Mechanism

The level of bacterial endogenous reactive oxygen species (ROS) was measured using
an ROS kit of H2DCFH-DA loaded with a fluorescent probe. Non-fluorescent DCFH under-
goes a redox reaction with the endogenous ROS produced in bacteria to produce fluorescent
DCEF. By detecting the fluorescence intensity of DCF, the amount of ROS generated in the
bacteria can be obtained; this was used to measure the ROS generation of materials during
the action of materials on bacteria.

Hoechst 33342 is a blue fluorescent dye that can penetrate cell membranes and is
commonly used for apoptosis detection. After co-incubating the obtained material with the
bacterial solution for a period of time, Hoechst 33342 working solution was added, stained
thoroughly, washed, and observed under fluorescence microscope. The concentration of
materials used in the staining experiment was 0.5 mg/mL, and PBS was set as the negative
control group.

Propidium iodide (PI) dye was used to detect apoptosis after material treatment. PI is
an embedded dye that can only pass through bacteria whose cell membranes are broken.
PI stains DNA by passing through the broken bacterial cell membrane, binding to the DNA
double strands, and emitting red fluorescence. The concentration of materials used in the
staining experiment was 0.5 mg/mL, and PBS was set as the negative control group.
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The adsorption effect of the material on bacteria was explored by measuring the
surface Zeta potential of materials. Materials with different surface charges produced
different degrees of electrostatic adsorption effects on bacteria. The effects of surface charge
on the antimicrobial properties of the materials were investigated by comparing the Zeta
charge of the materials.

By observing the SEM morphology of bacteria after treatment with PBS and materials,
it can be seen that the morphological changes of the bacterial surface visually reflect the
damage of the material to the bacterial cell.

2.7. Cytotoxicity Tests

Cytotoxicity is an important aspect of the transformation of metallic materials in
biomedical and daily applications. Taking mouse epithelial fibroblast L929 cells as a model,
the cytotoxicity of ZIF-L and NCDs@ZIF-L composites was explored by using a CCK8 kit.

A total of 30 mg of materials was dissolved in 6 mL of DMEM medium containing
12% fetal bovine serum solution (FBS) to obtain a stock solution of 5 mg/mL, placed at
37 °C with 5% CO5,, and incubated for 24 h. The supernatant was centrifuged and filtered
using a 0.22 pum filter membrane to obtain 5 mg/mL of sample extract. The leachate was
diluted to 2.5%, 5%, 10%, 20%, and 100%, and 100 uL was added to each 96-well plate.
DMEM medium containing 1929 cells without the extract was added as a control group.
A total of 100 uL of L929 cell suspension was added to a 96-well plate and pre-cultured
for 24 h (37 °C, 5% CQO3). The medium was removed, and 100 uL of infusion solution or
control of the treatment medium was added to each well. Five parallel samples of each
concentration were set up and incubated again for 24 h. The medium was removed and
10% of CCKS solution was added to each well, incubated for 2 h at 37 °C. The ODys5 value
of each well was assayed using a microplate reader.

2.8. Antibacterial Polylactic Acid (PLA) Films

In order to investigate applications in the antimicrobial field, the materials were
laminated onto PLA films to test their applied antimicrobial properties. The PLA films were
prepared by the cast film formation method [33], as follows: The material powder (1 g) and
PLA (2 g) powder were dissolved in 40 mL of ethyl acetate. The mixture was ground by
ball mill at 200 r/min for 1 h. After being well ground, it was poured into the mold, cooled
overnight, dried at 60 °C, and collected. The PLA group without materials was also added
as a negative control group. The PLA films were immersed in ODggy = 0.3 bacterial solution
and incubated in a constant temperature shaker chamber at 37 °C, and the absorbance was
measured to quantitative analyze the change in bacterial concentration.

3. Results
3.1. Material Characterization

Figure 1a,b shows the TEM images of the ZIF-L and NCDs@ZIF-L composites. As
can be seen, ZIF-L exhibited a 3D flower-like shape with uniform particle size of 2-3 um,
and NCDs@ZIF-L composites exhibited the same nanocrystal morphology. At the same
time, compared with ZIF-L, the blade edges of NCDs@ZIF-L composites were rougher and
more blurred. As shown in Figure 1c,d, the surface roughness of NCDs@ZIF-L composites
increased compared to ZIF-L. According to the HRTEM image, lattice fringes of NCDs were
shown on the flocs of the NCDs@ZIF-L composites. The lattice spacing of NCDs (Figure S1,
Supplementary Materials) was 0.24 nm, which corresponded to the (100) crystal plane of
graphitic carbon [34,35]. It was presumed that the NCDs were adsorbed onto the composite
leaves’ surfaces after the trace of Hmim was released by hydrolysis.

The surface charge was measured using a Zetasizer particle size analyzer. As shown
in Figure 2a, NCDs had a negative Zeta potential (—5.65 mV), and ZIF-L had a high
positive Zeta charge (+31.23 mV), while the Zeta potential of NCDs@ZIF-L composites
was +10.83 mV. The decrease in the Zeta potential of NCDs@ZIF-L composites related
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to the ZIF-L surface indicated that NCDs were adsorbed onto the ZIF-L surface through

electrostatic interaction.
(a) “ (b)

100 Arm 100 am

Figure 1. TEM images of ZIF-L (a,c) and the NCDs@ZIF-L composites (b,d) at a scale of 1 pm and
100 nm. The inset image shows HR-TEM result.

Figure 2b shows the XRD patterns of ZIF-L and the NCDs@ZIF-L composites. Com-
pared with standard ZIF-L crystals [22,36], ZIF-L was successfully synthesized. The
NCDs@ZIF-L composites, in the presence of NCDs, maintained the crystal morphology of
ZIF-L. The absence of characteristic peaks of NCDs in the XRD of NCDs@ZIF-L composites
might be caused by the uniform dispersion and low content of NCDs in the composites;
this same phenomenon has been observed in other studies [37,38].

To explore the structures and elemental compositions of ZIF-L and NCDs@ZIF-L com-
posites, we carried out XPS on the samples. As Figures 2c—f and S3 (Supplementary Materials)
show, the XPS survey spectrum of ZIF-L and NCDs@ZIF-L composites demonstrated the
presence of elements Zn, N, and C. As shown in the Zn 2p spectrum, the binding energy values
of 1044.8 and 1021.7 eV correspond to the 2p3,, and 2p; ;, components, respectively [37]. The
C 1s spectra is divided into three peaks, at 284.68, 285.78, and 287.28 eV, which are assigned to
the C=C bond, C-N bond, and C=0 bond, respectively [39,40]. The N 1s spectra is divided
into two peaks, and the peak at 398.78 eV is attributed to the organic ligand Hmim. The peak
at 400.28 eV corresponds to the N-Zn bond, which is the characteristic peak of ZIF-L [41].
The XPS results of the NCDs@ZIF-L composites showed a trace presence of C=O bonds and
a decrease in the content of N-Zn compared to ZIF-L. The presence of C=O bonds might
be caused by the presence of NCDs, and the decrease in C-Zn might be caused by the trace
hydrolysis of ZIF-L during the synthesis process.

The IR spectroscopy results (Figure 54, Supplementary Materials) of the materials showed
that NCDs@ZIF-L composites displayed the same results as ZIF-L [42]. No characteristic peak
of the C=0 bond at 1700 cm ! was found, and no new functional group appeared in FT-IR,
probably because NCDs were complexed with ZIF-L by electrostatic adsorption.
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Figure 2. (a) Zeta potential comparison of NCDs, ZIF-L, and NCDs@ZIF-L composites. (b) XRD patterns of as-synthesized NCDs@ZIF-L and ZIF-L. XPS spectra of
NCDs@ZIF-L composites: (c) full survey spectrum, (d) Zn 2p spectra, (e) C 1s spectra, and (f) N 1s spectra.
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The sample solution showed only a peak at 203 nm related to ZIF-L in the UV-Vis
spectra of NCDs@ZIF-L composites (Figure 3a). The peak at 203 nm is the same as the UV-
Vis spectra of the Hmim solution (Figure S5a, Supplementary Materials). The absorption
peaks of NCDs could not be found in the UV-Vis spectra of NCDs@ZIF-L composites; only
absorption of Hmim was seen. Therefore, the component release of ZIF-L and NCDs@ZIF-
L composites in solution can be explored by comparison to standard curve of Hmim
(Figure S5b, Supplementary Materials).
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Figure 3. (a) UV-Vis absorption of NCDs, ZIF-L, and NCDs@ZIF-L composites. Fluorescence
spectra of NCDs, ZIF-L, and NCDs@ZIF-L composites: (b) excited at 360 nm and (c) excited at
430 nm. Fluorescence spectra of (d) NCDs@ZIF-L composites and (e) NCDs under various excitation
wavelengths. (f) ZIF-L and NCDs@ZIF-L composites solutions irradiated by UV lamp.

Fluorescence is a typical property of NCDs [43], and the fluorescence performance
of ZIF-L and NCDs@ZIF-L was studied. As shown in Figure 3b, when the excitation
wavelength was 360 nm, NCDs@ZIF-L composites showed a blue fluorescence at 440 nm
that was not found in ZIF-L. When the excitation wavelength was changed to 430 nm,
fluorescence at 490 nm was seen in NCDs@ZIF-L composites. Comparing the fluorescence
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figure of ZIF-L and NCDs, it was confirmed that the fluorescence properties in the com-
plexes originated from NCDs. At the same time, NCDs@ZIF-L composites exhibited the
wavelength-dependent excitation behavior of NCDs [44—46]. These all prove the presence
of NCDs in the NCDs@ZIF-L composites.

From the above characterization results, it is clear that NCDs were adsorbed onto the
ZIF-L petal surface due to electrostatic interactions. The NCDs uniformly dispersed on
the ZIF-L petal surface and wrapped the surface of the ZIF-L blades, slowing down the
hydrolysis of ZIF-L. At the same time, the NCDs did not damage the ZIF-L crystal structure,
thus preserving the physical sterilization effect of the sharp tips of ZIF-L. Meanwhile, the
addition of NCDs creates NCDs@ZIF-L composite fluorescent properties, which broadens
the application possibilities of ZIF-L.

3.2. Water Stability

For the wide water-related application of ZIF-L materials, it is crucial to study their
water stability. Hence, the UV-Vis spectrum of the organic ligand Hmim in ZIF-L (Figure S5,
Supplementary Materials) was established to quantitatively study the stability of ZIF-L
and NCDs@ZIF-L composites in an aqueous environment.

As Figure 4a— shows, comparing the steady-state release curves of ZIF-L and NCDs@ZIF-
L composites, it could be seen that NCDs@ZIF-L composites showed a lower degradation rate
from the initial stage. Therefore, NCDs@ZIF-L composites were more stable in an aqueous
environment. Previous studies have shown that the hydrolysis of ZIF structures can be seen as
the reverse of synthesis the process [47]. It was speculated that the Hmim released by ZIF-L
encapsulates ZIF-L blades and slows down the hydrolysis of ZIF-L [32]. Here, NCDs@ZIF-L
composites had a lower degradation efficiency, which might be due to NCDs wrapped around
ZIF-L blades, effectively insulating contact with H,O.

In order to study the release of ZIF-L and NCDs@ZIF-L composites in an acidic envi-
ronment, diluted hydrochloric acid was added to adjust the sample solution to acidic. After
the addition of acid, the white turbid liquid gradually changed into colorless transparent
solutions, thus defining the complete disintegration of ZIF-L and NCDs@ZIF-L composites.
The pH of the solution was measured to be 3—4. At the same time, the solution after acid
hydrolysis was irradiated with an ultraviolet lamp, and blue fluorescence excited by NCDs
was displayed in the NCDs@ZIF-L composites solution. The degradation of ZIF-L and
NCDs@ZIF-L composites in an acidic environment was explored by measuring the release
of Hmim at different times (Figure 4d). During the first hour, ZIFs degraded rapidly. At the
72nd hour, the absorbance of Hmim was at a stable level, at which time the degradation
rates of ZIF-L and NCDs@ZIF-L composites were considered as 100%. The results demon-
strated that both ZIF-L and NCDs@ZIF-L composites had a rapid and good response to
acidic stimuli. To further investigate the water stability of ZIF-L and NCDs@ZIF-L compos-
ites, XRD and FT-IR tests were performed on the materials after 15 days immersion, and
the results are shown in Figure 4e, f. After a long period of immersion, the XRD patterns
of ZIF-L showed changes, while the changes in the NCDs@ZIF-L composites were subtle.
According to the IR results, the internal structures of ZIF-L and NCDs@ZIF-L composites
did not change. The above results demonstrated that ZIF-L maintained good stability in
an aqueous environment for a short period of time, while some changes, which did not
change the internal structure, occurred with time extension. In contrast, NCDs@ZIF-L com-
posites showed more persistent stability in an aqueous environment. The crystal structure
of the 3D clusters made ZIF-L have good water stability. Meanwhile, for NCDs@ZIF-L
composites, the NCDs were wrapped around the leaf surface of ZIF-L and thus blocked
the reaction between ZIF-L and H,O, which made NCDs@ZIF-L composites have better
water stability than ZIF-L. The properties of ZIF-L and NCDs@ZIF-L composites to remain
stable in aqueous environments and respond quickly to acidic environments make ZIF-L
materials more widely usable in aqueous environments.
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Figure 4. UV-Vis spectra of ZIF-L (a) and NCDs@ZIF-L composites (b) in DI water at different concen-
trations; degradation rate (%) of ZIF-L and NCDs@ZIF-L composites at different immersion times in DI
water (c) and in acidic solutions (d); XRD (e) and FI-IR spectra (f) of ZIF-L and NCDs@ZIF-L composites
after prolonged immersion.

3.3. Antibacterial Activity

The excellent antibacterial effects of ZIF-L and NCDs@ZIF-L composites were proved
by plate counting and ODg(p measurement, and NCDs@ZIF-L composites showed better
antibacterial properties than ZIF-L.

In order to confirm the inhibitory effect of the material on bacterial growth at different
times, ODgp measurement was used to test the growth of bacteria in a co-culture of E. coli or
S. aureus and materials. Considering the influence of lighting in the application scenario, the
antibacterial experiments added a light. The results of the antibacterial experiments against
E. coli showed that the absorbance of both the ZIF-L group and the NCDs@ZIF-L composite
group remained at a low level for 48 h (Figure 5a). At a material concentration of 0.5 mg/mL, the
absorbance values of the ZIF-L group always remained below 0.16, and the absorbance values
of the composite group always remained below 0.08, indicating that the growth of bacteria
was well inhibited. Similar results were seen in the antibacterial experiments against S. aureus
(Figure 5b). The absorbance values of the ZIF-L group remained below 0.15, and those of the
composite group remained below 0.1 throughout the process. At low concentrations, both
ZIF-L and NCDs@ZIF-L composites showed excellent antibacterial effects in the antibacterial
experiments, and the composites exhibited better antibacterial effects.
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Plate counting was used to evaluate the antimicrobial properties of different concen-
trations of materials against E. coli and S. aureus. The results of the antimicrobial activity
of ZIF-L and NCDs@ZIF-L composites are shown in Figures 5c—f and S6. The results
showed that ZIF-L had good antibacterial effect when the concentration was higher than
0.25 mg/mL, while NCDs@ZIF-L composites showed considerable antibacterial effect at
a concentration of 0.125 mg/mL. At a concentration of 0.25 mg/mL, the NCDs@ZIF-L
composites exhibited much better antibacterial activity than ZIF-L, killing 99% of E. coli and
S. aureus. Compared with pure ZIF-L, the introduction of NCDs improved the antibacterial
properties of the material.

The minimum inhibition concentration (MIC) of ZIF-8 against E. coli and S. aureus
by releasing metal ions and organic ligands is usually above 10 mg/mL [48]; the MIC
of 2D ZIF-L powder with sharp tips was 2.5 mg/mL against E. coli [49]. In comparison,
ZIF-L and NCDs@ZIF-L composites with 3D flower clusters showed better antibacterial
effect. The good antimicrobial properties of ZIF-L and NCDs@ZIF-L composites at lower
concentrations provide a good performance basis for their applications in biosterilization
environments, as well as daily sterile environments.

3.4. Antibacterial Mechanism

According to the results of the Zetasizer particle size analyzer, both ZIF-L and NCDs@ZIF-
L composites had positive potentials. Zeta potential tests were performed on the E. coli and
S. aureus used in the experiment, both of which carried high negative potentials (Figure 6a).
The ZIF-L and NCDs@ZIF-L composites with positive potential had an electrostatic adsorption
effect on bacteria with high negative potential, causing the bacteria to adsorb onto the surface of
the material and changing the bacterial surface potential. Based on the antibacterial results and
potential changes, it is clear that ZIF-L and NCDs@ZIF-L are more effective against S. aureus
than E. coli. This is because Gram-positive bacteria, represented by S. aureus, possess a thicker
peptidoglycan cell wall structure, while Gram-negative bacteria, represented by E. coli, have a
thinner cell wall. The electrostatic adsorption of the materials to bacteria was the first step in the
antimicrobial process and laid the foundation for further action of the materials on bacteria.

In addition, to investigate the effect of ROS during the antimicrobial process of the
materials, an H2DCFH kit was used to detect the amount of ROS production during the co-
culture of the materials with bacteria. According to the results (Figure 6b), the fluorescence
intensity of DCF was maintained at a low level for 120 min, with or without increasing the
light. The results proved the absence of ROS production during the antimicrobial process
of the materials.

Hoechst 33342 dye was used to detect apoptosis of bacterial cells after material treat-
ment. Apoptotic cells have dense and fragmented stains due to DNA breaks that bind
better to Hoechst 33342 dye. After ZIF-L and NCDs@ZIF-L composite treatment, the E. coli
and S. aureus groups showed local dense staining, indicating apoptosis of bacterial cells.
The killing effects of ZIF-L and NCDs@ZIF-L composites on bacteria were verified.

In order to further verify the physical damage of ZIF-L and composites to bacterial cell
walls and membranes, the PI reagent was used to detect bacterial apoptosis. As shown in
Figures 6d and S7, after PI staining of the co-culture with the materials, E. coli and S. aureus
showed obvious red fluorescence, which indicated the emergence of PI-DNA and serious
damage to the surface of bacteria. Due to the electrostatic adsorption of the materials
onto bacteria, the red fluorescence mainly appeared around the agglomerated material
after PI staining. The PI staining results showed that the adsorption of the materials onto
the bacteria caused damage to the bacterial cell membrane, which in turn led to further
bacterial death.

The disruption of bacterial cell membranes by the materials and the effects on bacterial
morphologies were further investigated by comparing the SEM images of bacteria after
material treatment (Figure 7). Based on the SEM results of the bacteria, both E. coli and
S. aureus, in the sterile PBS group, grew well, with smooth and flat surfaces, while the
morphology of both E. coli and S. aureus after ZIF-L and NCDs@ZIF-L composite treatment
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showed some aberrations. Among them, the morphological changes of the bacteria were
more obvious in the NCDs@ZIF-L composite group. This was consistent with the results
of the antimicrobial test, where NCDs@ZIF-L composites had an increased effect on the
bacteria. As seen in Figure 7, the bacteria were adsorbed onto the surface of the materials
and caused some degree of breakage. The destructive effects of ZIF-L and NCDs@ZIF-L
composites on bacteria were demonstrated.
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Figure 6. Antibacterial mechanism. (a) Zeta potential of E. coli and S. aureus after treated. (b) ROS
production at different times of co-culture of bacteria and materials. Fluorescence images of bacteria
stained with 33342 dye (c) and PI staining (d) after material treatment.

According to the characterization test results, the antibacterial process of materials
was as follows: Bacteria with negative surface potential were adsorbed onto the surface of
materials with positive surface charge. The cross-petal structure of ZIF-L played a fixed and
dispersing role for bacteria, and the sharp tip destroyed adherent bacterial cells to prevent
bacterial growth. According to the results of the water stability experiment, NCDs@ZIF-L
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have better stability, which means that the encapsulation of NCDs makes ZIF-L more
inclined to maintain a three-dimensional morphology, with better antimicrobial effect.
The physical bactericidal effect of the material is related to its surface state. According
to the TEM results, it can be seen that NCDs are uniformly distributed on the surface of
ZIF-L, and the surface roughness of the composite is enhanced, thus exhibiting a superior
antimicrobial effect relative to ZIF-L.

Figure 7. SEM images of E. coli (a) and S. aureus (b) after treatment with sterile PBS, ZIF-L, and
NCDs@ZIF-L composites.

Based on structural composition, both ZIF-L and ZIF-8 can achieve an antimicrobial
effect by releasing Zn ions and Hmim. However, ZIF-L has low solubility in aqueous
environments, and the effect of ions and ligands, released in trace amounts, on the antimi-
crobial results was minimal in previous studies investigating the antimicrobial mechanism
of ZIF-L [50,51]. Thus, the ions and ligands released from ZIF-L are considered here to have
a small effect on the antimicrobial effect.

3.5. Cytotoxicity Test

The cytotoxicity of ZIF-L and NCDs@ZIF-L composites was explored using mouse
epithelial fibroblasts L929 cells as a model. A group containing no material was set up
as a control. As seen in Figure 8, when the concentrations of the extracts were 1, 0.5,
0.25, and 0.125 mg/mL, the ZIF-L and NCDs@ZIF-L groups showed high cell survival
and low cytotoxicity. When the concentration of the materials was 5 mg/mlL, the cell
survival rates of the ZIF-L and NCDs@ZIF-L groups were above 90%, and the cell survival
rate of the NCDs@ZIF-L group was higher than that of ZIF-L group, indicating the lower
cytotoxicity of NCDs@ZIF-L. The cell test results demonstrated the good biosafety of ZIF-L
and NCDs@ZIF-L. The low cytotoxicity of ZIF-L and NCDs@ZIF-L laid a good foundation
for biological application, and made in vivo and in vitro applications possible.
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Figure 8. Toxicity results of ZIF-L and NCDs@ZIF-L on L929 cells obtained by CCK8 method experiments.

3.6. Antibacterial PLA Films

To explore the application of the materials in the antimicrobial field, the materials
were dissolved with PLA in ethyl acetate to obtain PLA composite films. The antimicrobial
performances of ZIF-L materials in the target materials were discussed by carrying out
antimicrobial tests on the PLA films.

The composite films obtained by adding ZIF-L and NCDs@ZIF-L composites were
prepared. After grinding, the added materials did not play too much of a role in changing
the shape of PLA films. The PLA composites films were immersed in PBS and irradiated
with a UV lamp to observe the fluorescence properties. As shown in Figure 9a,b, the
PLA film with NCDs@ZIF-L composites, added after a period of immersion, showed blue
fluorescence under the UV lamp. The introduction of NCDs@ZIF-L composites conferred
new fluorescent properties to PLA films. According to Figure 9¢, the PLA composite films
prepared by adding materials, compared to the PLA films, remained at low values of ODg
after 48 h. This proves that the ZIF-L@PLA and NCDs@ZIF-L@PLA composite films have
a good inhibitory effect on the growth of E. coli and S. aureus. The fluorescent properties
and good antibacterial properties to PLA composites films further expanded the biological
applications of PLA films. This also demonstrates the potential of ZIF-L and NCDs@ZIF-L
composites in biomedical applications.
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Figure 9. PLA composite films immersion solution image under UV light: (a) ZIF-L@PLA film,
(b) NCDs@ZIF-L@PLA film, and (c) ODggg values of PLA composite films co-cultured with E. coli
and S. aureus for 48 h.
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4. Conclusions

The three-dimensional flower cluster ZIF-L was prepared by carefully controlling the
reaction conditions, and NCDs with negative surface potential were compounded onto the
three-dimensional ZIF-L by electrostatic adsorption to obtain NCDs@ZIF-L composites.
Experiments results indicated that ZIF-L and NCDs@ZIF-L composites had good stability
in aqueous environments, for a short period of time, and a quick response to acidic stimuli.
NCDs@ZIF-L composites exhibited longer stability in aqueous environments after 15 days
immersion. ZIF-L and NCDs@ZIF-L composites both had good antibacterial properties
and low cytotoxicity. The introduction of NCDs led to a decrease in the minimum antibac-
terial concentration of the composites to 0.125 mg/mL and a significant increase in the
antibacterial effect; it also provided NCDs@ZIF-L composites with fluorescent properties.
The NCDs adsorbed onto ZIF-L by electrostatic adsorption enhanced the antimicrobial
properties by enhancing the surface roughness and stability of ZIF-L, although the charge
on the material surface was reduced. PLA composite films were prepared by co-dissolving
the materials with PLA by casting method, and the PLA composite films showed good
antibacterial properties. The economical synthesis method and good performance of ZIF-L
and NCDs@ZIF-L composites indicates that they have great potential and application value
in the antibacterial field.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/ cryst13040564/s1. Figure S1. TEM (a) and HR-TEM (b) image of NCDs.;
Figure S2. Different morphologies of ZIF-L crystals in SEM tests.; Figure S3. XPS spectra of ZIF-L:
(a) full survey spectrum, (b) C 1s spectra and (c) N 1s spetra.; Figure S4. FT-IR spectrum of NCDs@ZIF-
L composites compared with ZIF-L (a) and NCDs (b).; Figure S5. (a) UV-Vis spectra of dissolved 2-
methylimidazole in DI water at different concentrations; (b) a calibrated standard curve for determining
the concentration of ligands in water.; Figure S6. Results of antibacterial rates of ZIF-L. and NCDs@ZIF-L
composites against E. coli (a) and S. aureus (b).; Figure S7. Images of bacteria stained with 33342 dye (a)
and PI staining (b) under visible light after materials treatment.
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