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ABSTRACT: Targeted drug delivery maximizes the chance to combat infection caused by drug-
resistant pathogens. Herein, lectin-fortified cationic copper sulfide (cCuS) nanoparticles were
suggested for targeted adhesion to bacterial membranes and to enforce bacterial death. Jacalin, a lectin
from jackfruit seed, was conjugated to fluorescein isothiocyanate (FITC), and its ability to recognize
bacterial cell surface glycans was demonstrated. Jacalin formed a noncovalent complex with cCuS,
which was investigated by fluorescence quenching measurements. The data revealed that jacalin−cCuS
(JcCuS) had a good affinity with an association constant Ka of 2.27 (± 0.28) × 104 M−1. The resultant
JcCuS complex displayed excellent anti-infective activity against carbapenem-resistant Acinetobacter
baumannii (CRAB). The minimum inhibitory concentration (MIC) of cCuS was 62.5 μM, which was
2-fold lower than that of the broad-spectrum antibiotic ciprofloxacin. Interestingly, the MIC of JcCuS
was reduced to 15.63 μM, which was attributed to jacalin fortification. The mechanistic study unveiled
that JcCuS affected the membrane integrity, depolarized the inner membrane, and produced excess
reactive oxygen species to combat CRAB at a lower concentration compared to cCuS. A. baumannii
formed a biofilm more readily, which played a critical role in pathogenesis and resistance in clinical settings. JcCuS (3.91 μM)
displayed stronger antibiofilm activity without affecting the metabolic viability of CRAB. Microscopy analyses confirmed the
inhibition of biofilm formation and disruption of the mature biofilm upon treatment with JcCuS. Furthermore, JcCuS hindered
pellicle formation and inhibited the biofilm-associated virulence factor of CRAB such as exopolysaccharide, cell surface
hydrophobicity, swarming, and twitching mobility. The anti-infective potential of JcCuS was demonstrated by rescuing CRAB-
infected zebrafish. The reduction in pathogen proliferation in muscle tissues was observed in the treated group, and the fish
recovered from the infection and was restored to normal life within 12 h. The findings illustrate that lectin fortification offers a
unique advantage in enhancing the therapeutic potential of antimicrobials against human pathogens of critical priority worldwide.

■ INTRODUCTION
Acinetobacter baumannii is a predominant Gram-negative
bacterium responsible for hospital-acquired nosocomial
infection.1A. baumannii is opportunistic bacteria that may be
found on the skin or in water, food, and soil. It can survive on
dry filter paper for six days, on glass surfaces for more than
seven days, and on cotton for more than 25 days.2 It causes
life-threatening conditions like pneumonia, blood infection,
meningitis, urinary tract infection, and skin and wound
infection.3A. baumannii infection was treatable with different
classes of antibiotics such as β-lactams, aminoglycosides, and
tetracyclines.4 However, some strains can no longer be treated
by first-line antibiotics. Hence, last-line antibiotics like
carbapenems are used. The World Health Organization
(WHO) issued a red alert for A. baumannii infection because
>50% of clinically isolated Acinetobacter strains are resistant to
multiple antibiotics including carbapenems.5 The increasing
identification of carbapenem-resistant A. baumannii (CRAB)
isolates limits therapeutic options causing substantial morbid-
ity and mortality. CRAB evades antibiotic therapy by adopting
a biofilm mode of survival. The rate of biofilm formation of

Acinetobacter strains is significantly higher (80−91%) than the
other species.6 Hence, novel therapeutic interventions that can
overcome the biofilm virulence factor are required to combat
the A. baumannii infection.

Recent development in nanotechnology reports nano-
particles (NPs), such as Ag, Au, Cu, Pd, Pt, CuS, CuO,
TiO2, ZnO, Bi2O3, and so forth, to combat biofilm-related
infection and planktonic bacterial infection.7−10 However, the
broader application of NPs depends on safe and efficient
methods of delivery. An ideal method for exerting effective
antimicrobial activity is to use cationic molecules to target the
outer envelope of bacteria11 because most bacterial cell
surfaces possess a net negative charge at neutral pH due to
the presence of ionizable phosphoryl and carboxylate
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substituent in the peptidoglycan and lipopolysaccharides of cell
walls.12A. baumannii contains surface carbohydrates such as
capsular polysaccharides (capsule), lipooligosaccharide (LOS),
and the exopolysaccharide poly-β-(1−6)-N-acetylglucosamine
(PNAG), which plays a significant role in the overall fitness
and virulence.12 Here, we describe cationic copper sulfide
nanoparticles (cCuS NPs) to access the negative cell surface
charge of the bacterial membrane and enhance the NP-
delivering capacity by fortifying with a glycan-binding protein,
jacalin. Jacalin is a tetrameric lectin with an affinity to glycans
like galactose, mannose, N-acetylgalactosamine, N-acetylmur-
amic acid, and N-acetylneruamic acid.13 Besides glycan
binding, jacalin also binds to exogenous ligands like porphyrin,
ruthenium complexes, and NPs, thereby offering key
advantages of acting as a drug carrier to target cell surface
glycans.14−17 Herein, cationic copper sulfide nanoparticles
(cCuS)−jacalin complex (JcCuS) was reported and tested
against CRAB. The result showed that jacalin forms a
noncovalent complex with cCuS and the binding constant is
3 × 104 M−1. Jacalin−cCuS NPs (JcCuS) are highly effective in
killing CRAB with a minimum inhibitory concentration of
15.63 μM, which is 4-fold lower than that of cCuS NPs (62.5
μM). The assay focused on studying the changes in the cell
envelope reveals that JcCuS affects the membrane integrity and
produces excess reactive oxygen species (ROS) to kill the
bacteria.

The antimicrobial accessibility to drug-resistant micro-
organisms was often affected by biofilms.18 A biofilm is a
community of microorganisms encased in extracellular
polymeric substances (EPSs) with a capacity to adhere to
biotic and abiotic surfaces and colonizes to persist and resist
infection. Surface polysaccharides, especially PNAG, constitute
a substantial portion of the biofilm and contribute to A.
baumannii pathogenicity.19 Hence, drugs fortified with lectin
were chosen to access the surface polysaccharides for
delivering drugs efficiently to curb the biofilm. The minimum
biofilm inhibitory concentration (MBIC) determined with
cCuS and JcCuS reveals that the MBIC of cCuS (7.81 μM)
was reduced 2-fold when the A. baumannii biofilm is treated
with JcCuS (3.91 μM). The mechanistic study indicates that
JcCuS is highly efficient in inhibiting the virulence factors
responsible for biofilm formation, which includes cell surface
adhesion, EPS production, and motility. Further, through the
zebrafish animal model, in vivo anti-infective potential of
JcCuS was demonstrated.

■ RESULT AND DISCUSSION
Jacalin Recognizes Bacterial Cell Surface Glycan

through Sugar-Binding Sites. The surface of all living
cells contains glycolipids and glycoproteins and therefore
represents natural targets for lectin binding.20 Herein, the
carbohydrate specificity of jacalin was explored for drug
delivery. Jacalin’s ability to bind bacterial membranes was
studied using the jacalin−FITC conjugate (JFC). The UV−vis
spectral features of jacalin and FITC with absorbance
maximum were observed at 280 and 495 nm, respectively
(see Figure S1A). In JFC, both the spectral features of the
lectin and FITC appeared, indicating the conjugated form. JFC
emits the characteristics of FITC fluorescence with emission at
520 nm, which falls in the green spectrum (see Figure S1B).
Jacalin has good specificity for galactose.21 The galactose-
bound form JFC showed FITC fluorescence at 520 nm,
suggesting that sugar binding to jacalin does not affect the

FITC fluorescence. CRAB cells stained with JFC showed green
cells when imaged in fluorescence microscopy, even after
washing (Figure 1). In contrast, JFC complexes with galactose

were unable to stain the cells and showed no fluorescence.
These observations suggest that jacalin access the bacterial
membranes through its sugar binding, and any hindrance to
the sugar-binding site prevents the binding of jacalin to the
bacterial membranes.
Preparation of Jacalin−cCuS NPs Complex. Cationic

copper sulfide (cCuS) nanoparticles were prepared using the
capping agent [2-((N-(2-hydroxyethyl)palmitamido)methyl)-
1-methylpyridin-1-ium iodide] (cN16E).22 The surface charge
of the NPs was quantitatively described by zeta potential. A
positive zeta potential value of +10.0 mV suggested that the
effective electric charge of the NP surface was positive, which
may aid the NPs in recognizing the negative surface charge of
bacteria. To introduce additional targeting capability, cCuS
was functionalized with jacalin, while in complex with cCuS,
the zeta potential values of jacalin changed from −24.3 to
−16.3 mV. The altered zeta potential may be associated with
the interaction of lectin on the cCuS surface. The binding
affinity between jacalin and cCuS NPs was analyzed by the
protein fluorescence quenching method. The fluorophores,
tryptophan, and tyrosine present in the jacalin were sensitive to
ligand binding.15−17 It was found that the fluorescence of
jacalin was quenched upon titrating with cCuS NPs (Figure
2A). The addition of cCuS NPs quenched the fluorescence
maxima at 333 nm with a quenching percentage of 73.0 ±
2.14% at 0.1 mM of cCuS NPs. From the quenching data, the
binding curves were plotted using the change in fluorescence.23

It is noted from Figure 2B that the change in fluorescence
(ΔF) increases with increasing concentration of cCuS NPs,
displaying saturation behavior at the highest concentration.
This suggests that the quenching data are the result of binding
between cCuS NPs and jacalin.

The analysis of the fluorescence quenching data by the
Stern−Volmer equation yielded a quenching constant (Ksv) of

Figure 1. Labeling bacterial membranes using the jacalin−FITC
conjugate. Galactose bound to the jacalin−FITC conjugate hinders
bacterial labeling. Scale bar: 500 μm.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c05252
ACS Omega 2022, 7, 43934−43944

43935

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05252/suppl_file/ao2c05252_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05252/suppl_file/ao2c05252_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05252?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05252?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05252?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05252?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05252?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2.62 (± 0.25) × 104 M−1. The linearity of the Stern−Volmer
plot was attributed to static quenching, where jacalin formed a
complex with cCuS NPs in the ground state (Figure 2C).24,25

The binding constant (Ka) of the JcCuS complex was derived
from a modified Stern−Volmer equation as 2.27 (± 0.28) ×
104 M−1 (Figure 2D). The formation of the complex between
jacalin and cCuS may block or modify the jacalin−sugar-
binding site. To understand the free availability of sugar-
binding sites in the JcCuS complex, we carried out binding
experiments in the presence of galactose. Jacalin had specificity
for galactose, and the sugar-binding site of jacalin was
important to recognize the cell surface glycans for drug
delivery. The binding studies carried out with jacalin in the
galactose-bound form showed a quenching percentage of 80.54
± 1.22% (see Figure S2). The Ksv and Ka were calculated as
4.09 (± 0.32) × 104 and 5.71 (± 0.65) × 104 M−1,
respectively. The Ka (104 M−1) obtained for the jacalin−

cCuS was comparable to Ka (104 M−1) estimated for the
jacalin−sugar interaction. This suggested that cCuS was bound
to jacalin with similar affinity compared to sugars. Through
binding studies, it was evident that cCuS NPs formed
noncovalent complexes even in the presence of galactose.
The findings also suggested that the cCuS NPs and galactose
may bind to jacalin with comparable affinity, but their site of
binding to jacalin differed. The effect of cCuS binding to
jacalin structure was further analyzed by FTIR (see Figure S3).
The characteristic OH stretching, CH stretching, amide I
stretching, C�O stretching, and OH bending of jacalin were
observed in JcCuS. The observations suggested that the
complex formation did not alter the jacalin structure.
Effect of JcCuS against CRAB. The formation of the

JcCuS complex with the capacity to target bacterial surface
glycans allowed us to investigate the antimicrobial effectiveness
of JcCuS. The minimum inhibitory concentration (MIC) of

Figure 2. Binding study. (A) Fluorescence quenching titration depicts the interaction of jacalin with cCuS. The first spectrum corresponds to free
jacalin and the remaining spectra with decreasing fluorescence emission were obtained in the presence of increasing cCuS concentration. (B)
Binding curves show the saturation behavior due to interaction. (C) Stern−Volmer plot, and (D) modified Stern−Volmer plot. Plots correspond to
single experiments. The experiments are performed in triplicate, and mean ± standard deviation is reported.
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cCuS NPs and JcCuS against CRAB was discerned from the
turbidimetry method (see Figure S4). It was found that the
MIC of cCuS NPs against CRAB decreased from 62.5 to 15.63
μM when complexed with jacalin (Table 1). Similar results

were obtained from JcCuS against other Gram-positive and
-negative bacteria (see Table S1), suggesting that NPs had
broad-spectrum antimicrobial activity. It is worth mentioning
that jacalin alone has no antimicrobial activity.30

The MIC of JcCuS was 8-fold lower than that of the
standard antibiotic ciprofloxacin (MIC-125 μM), indicating
that JcCuS was useful in inhibiting CRAB infection at 15.63
μM. However, when JcCuS was in complex with galactose, the
MIC of JcCuS was reversed back to 62.5 μM, suggesting that
the glycan recognition site was blocked by galactose in JcCuS.
To confirm that galactose blocked the antimicrobial activity of
JcCuS, a zone of inhibition (ZOI) experiment was carried out
at 15.63 μM JcCuS in the absence and presence of galactose
(see Figure S5). It is noted from Figure S5 that 15.63 μM
JcCuS showed ZOI with a diameter of 14 mm, whereas JcCuS
in the presence of galactose showed no ZOI. These findings
support that JcCuS uses the sugar recognition site of jacalin to
target the bacterial cell surface glycans. The glycan-binding
property of jacalin maximizes the delivery of cCuS NPs to exert
excellent antimicrobial activity at a 4-fold lower concentration
compared to pure cCuS NPs.

Time−kill kinetics assays were used to study the
effectiveness of cCuS and JcCuS against CRAB.26 The bacterial
system is exposed to 15.63 μM of the tested molecules and
monitored bacterial growth and death over time. It was noted
from Figure 3 that the CRAB incubated with JcCuS showed a
rapid reduction in the average of the viable cells counted. On
the contrary, there was a net growth of bacteria treated with

cCuS, which was comparable to untreated control. The finding
suggests that JcCuS is highly effective in combating CRAB.
Antimicrobial Mechanism. The reason behind the higher

effectiveness of JcCuS against CRAB was investigated
mechanistically. In the cases of drug-resistant strains, the
lipid or protein composition of OM is altered and contributes
to the outer membrane (OM) impermeability to drugs.27 The
action of any drug depends on its ability to disturb or cross the
bacteria cell envelope. Generally, hydrophobic drugs take a
lipid-mediated pathway, and hydrophilic drugs diffuse through
porins.28 The cationic surface charge of cCuS and the glycan-
binding properties of jacalin can provide a double advantage to
JcCuS to attach to the cell wall of CRAB. The consequence of
JcCuS attachment to the cell envelope was analyzed by the
acridine orange/propidium iodide (AO/PI) double staining
fluorescence imaging method to demonstrate live and dead
cells.29 AO is cell permeates and stains all nucleated cells to
produce green fluorescence for live cells, whereas PI is cell
impermeant and stains only dead cells with compromised
membranes to produce red fluorescence.30 It is noted from
Figure 4 that the cells treated with JcCuS fluoresce red,

indicating that PI enters the cells due to the loss of membrane
integrity and the cells are dead. However, cCuS-treated cells
showed green fluorescence due to staining by AO, suggesting
that the cells were alive. In addition, the effect of JcCuS on the
outer membrane (OM) integrity and inner membrane
depolarization was studied by specific fluorophores (see Figure
S6). The OM integrity was assayed using the hydrophobic
fluorescent dye, N-phenyl-1-naphthylamine (NPN).31 NPN
cannot cross the intact outer membrane permeability barrier
and emits weak fluorescence in the aqueous environment. The
bacterial cells treated with 15.63 μM JcCuS and subsequent
exposure to NPN showed strong fluorescence, whereas 15.63
μM cCuS NPs showed weak fluorescence (see Figure S6A).

Table 1. MIC of the Tested Compounds against CRAB

drug MIC (μM)

cCuS NPs 62.5
JcCuS 15.63
JcCuS + galactose 62.5
ciprofloxacin 125

Figure 3. Kill curve. CRAB was challenged with 15.63 μM cCuS and
JcCuS. The time course of bacterial killing was followed from 0 to 24
h by determining bacterial colonies, which is represented as log10 cfu/
mL. The error bars represent the mean ± standard error from three
independent experiments.

Figure 4. Live and dead staining. CRAB cells were stained with AO/
PI fluorophores. Viable cells fluoresce green, and dead cells fluoresce
red. Scale bar: 500 μM.
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This suggests that JcCuS disturbs the OM permeability barrier
of CRAB and allows the NPN to gain access to lipid layers to
emit strong fluorescence.

The cell membranes of viable bacteria are polarized due to
the negative transmembrane potential.32 The dissipation of
transmembrane potential may kill the bacteria.33 The ability of
JcCuS to depolarize the CRAB membranes was investigated
using a membrane potential-sensitive fluorophore, 3,3′-
dipropylthiadicarbocyanine iodide [DiSC3(5)].34 The cationic
dye DiSC3(5) is membrane permeable and emits weak
fluorescence when bound to viable cells (see Figure S6B). It
is noted from Figure S6B that the CRAB treated with JcCuS
showed strong fluorescence due to membrane depolarization,
which resulted in dye release. Noteworthy, the cells treated
with cCuS NPs do not show membrane depolarization,
suggesting that 15.63 μM JcCuS is effective in dissipating the
cytoplasmic membrane to kill the bacteria.

Reactive oxygen species (ROS) is an important cell signaling
molecule for normal biological processes, but the excessive
generation of ROS may induce oxidative stress and damage the
cells.35,36 Hence, the ROS production was investigated in
CRAB with and without JcCuS treatment using the
dichlorofluorescein diacetate (H2DCFDA) assay.37

H2DCFDA is membrane-permeant and nonfluorescent until
the acetate group is cleaved by intracellular esterases and
oxidation by ROS. The exposure of H2DCFDA-loaded CRAB
to JcCuS stimulated the strong fluorescence, suggesting that
excess generation of ROS upon treatment converted
H2DCFDA to the highly fluorescent dichlorofluorescein
(DCF, see Figure S6C). The formation of ROS can result
from disruption of the electron transport chain. The cells
treated with cCuS NPs did not stimulate strong fluorescence
compared to JcCuS, indicating that ROS production was

scavenged by natural antioxidants. The higher fluorescence as a
result of excess ROS production from JcCuS-treated cells was
attributed to the bacterial cell surface glycan targeting ability of
jacalin. It is worth mentioning that at higher concentrations
(62.5 μM), cCuS overcomes the natural antioxidant defense,
produces excess ROS, and disturbs the membrane integrity
(see Figure S7). The preference of JcCuS for the negative
surface charge of the bacterial membranes and the glycan
recognition nature of JcCuS produce excellent antimicrobial
activity from JcCuS at a lower concentration. These findings
explain that the bacteria’s death is due to the formation of
ROS, OM permeability, and inner membrane depolarization
by JcCuS.

■ EFFECT OF JCCUS ON THE CRAB BIOFILM
Biofilm Inhibition. CRAB has a higher tendency to adopt

a biofilm lifestyle to survive and resist antibiotic treatment.38

Hence, it is important to discover new antibiofilm agents to
improve the sensitivity of bacteria to antibiotics. The biofilm
inhibitory activity of cCuS NPs and JcCuS against CRAB was
performed by the crystal violet (CV) quantification assay.39

The minimum biofilm inhibitory concentration (MBIC) is the
lowest concentration of antimicrobial agents required to inhibit
the formation of the biofilm (>50%). It is noted from Figure 5
that cCuS NPs inhibit the CRAB biofilm at 7.81 μM and
JcCuS inhibits at 3.91 μM. The MBIC was lower than the
MIC, suggesting that cCuS NPs and JcCuS exhibit true biofilm
inhibitory activity without affecting the growth. To confirm
that the cells are viable at MBIC, a resazurin microtitre assay
(REMA) plate was performed (see Figure S8). In REMA, the
nonfluorescent dye resazurin undergoes chemical reduction to
red-fluorescent resorufin in metabolically active cells.40 The
obtained data showed that the cells treated at MBIC turn the

Figure 5. Effect of (A) cCuS and (B) JcCuS at various concentrations on the growth (blue dots) and biofilm formation (gray bar) of CRAB. Error
bars indicate SD. * indicates statistical significance (p < 0.05) analyzed by the one-way ANOVA method. Bottom panel: light microscopy image
represents the biofilm formed on a glass surface and inhibited by cCuS and JcCuS at the tested concentration.
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blue color nonfluorescent resazurin into fluorescent red color
resorufin using the natural reducing power of viable cells (see
Figure S8). It is worth noting that the cells treated at MIC
were unable to respirate and the resazurin remained blue. This
suggested that cell growth was not affected at MBIC and the
growth was only affected at MIC. JcCuS at a concentration of
3.91 μM showed strong antibiofilm activity with 85%
inhibition, whereas at the same concentration, cCuS NPs
showed weak antibiofilm activity with 40% inhibition (Figure
5). In addition to the CV quantification assay, the biofilm
formed on a glass surface was analyzed by light microscopy.
CRAB control samples grown on a glass plate showed highly
aggregated and well-structured biofilm formation (Figure 5).
The microscopy image showed that samples treated with 3.91
μM JcCuS disturbed the biofilm formation, and dispersed cells
were observed, whereas the 3.91 μM cCuS NP-treated sample
retained a considerable amount of the biofilm. However, CV-
stained imaging illustrated that cCuS NPs at a concentration of
7.81 μM inhibited biofilm formation, which corroborated with
the CV quantification assay. The results revealed that JcCuS
treatment was more effective in inhibiting CRAB biofilm
formation at a lower concentration than cCuS NPs.
Pellicle Inhibition. A. baumannii has the ability to colonize

at the air−liquid interface to form a biofilm by a process called
pellicle formation.41 Hence, the inhibitory effect of cCuS NPs
and JcCuS on the pellicle formation of CRAB was investigated.
It is noted from Figure 6 that the untreated CRAB formed

robust pellicles at the air−liquid interface of the static solution,
and this was significantly inhibited by 3.91 μM JcCuS, whereas
3.91 μM cCuS NPs showed moderate ring formation
compared to the control; nevertheless, the observation
suggests that the cCuS NP activity is weaker compared to
JcCuS. The amount of the pellicle material was assessed by
collecting the floated material. The optical density of the
pellicle material collected from the untreated culture remains
higher compared to cCuS and JcCuS treatment (Figure 6).

Interestingly, the cell culture exposed to JcCuS showed
significantly lower optical density than cCuS, indicating
superior pellicle-inhibiting activity to JcCuS. In addition,
JcCuS effectively inhibit the adherence of CRAB on glass and
the polypropylene surface, as demonstrated by CV staining
(see Figure S9). The findings support that the lectin
functionalization offers an additional edge to inhibit pellicle
formation at a lower concentration.
Biofilm Eradication. Without inhibitors, bacteria adhering

to the surface may form a mature biofilm. The mature biofilm
resists most antimicrobials and their removal is more
challenging. The minimum biofilm eradication concentrations
(MBECs) of cCuS NPs and JcCuS NPs were determined by
the CV assay (see Figure S10). The MBECs of cCuS NPs and
JcCuS NPs were 31.25 and 15.63 μM, respectively.

■ EFFECT OF JCCUS ON BIOFILM-ADHERENCE
FACTORS
Exopolysaccharide Production and Cell Surface

Hydrophobicity. The extracellular biofilm matrix is com-
posed of a mixture of polysaccharides, proteins, and nucleic
acids.42 The exopolysaccharide (EPS) component provides a
structural scaffold for biofilm formation and also provides a
barrier to bacteria against antibiotic penetration and host
immune defense. The spectrophotometric analysis of EPS
production in the treated samples indicated a considerable
reduction in EPS. At the MBIC of JcCuS (3.91 μM), more
than 78% reduction in EPS was observed, whereas cCuS NPs
(3.91 μM) reduced only 46% when compared to the untreated
sample (Figure 7). Cell surface hydrophobicity (CSH) is an

important virulent factor that contributes to cell adhesion to
both biotic and abiotic surfaces.43 The effect of cCuS NPs and
JcCuS on the CSH of CRAB was examined by microbial
adhesion to the hydrocarbon (MATH) assay. A significant
reduction in the CSH of the samples treated with both cCuS
NPs and JcCuS was observed. Interestingly, a higher
percentage of reduction in CSH was noted with JcCuS
treatment when compared to control and cCuS NP treatment
(Figure 6). This result confirmed that jacalin has a significant
contribution to the activity of JcCuS to prevent EPS
production and reduce the CSH to inhibit the biofilm
formation at beginning of the adhesion stage.

Figure 6. Pellicle inhibition. The CRAB strain was grown in the
presence or absence of cCuS and JcCuS for 72 h a 37 °C under static
conditions. (A) Untreated, (B) exposed to 3.9 μM cCuS, and (C)
exposed to 3.9 μM JcCuS. The bar graph represents pellicle formation
as determined by spectrophotometry at OD595nm. The inset provides
the digital photograph evidence for pellicle formation and inhibition
at the tested conditions. Error bars indicate mean ± SD, and *
indicates statistical significance (p < 0.05) versus untreated control.
The photographs were taken by the author D.K.S.

Figure 7. Inhibitory effect of cCuS and JcCuS on (A) EPS production
and (B) CSH of CRAB. The error bar represents the mean ± SD. *
indicates the statistical significance (p < 0.05) with respect to
untreated control. All experiments are performed in triplicate.
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Motility Assay. The motility of pathogens is important for
initial attachment to host cells and supports internal
colonization during pathogenesis. Generally, A. baumannii is
considered nonmotile due to the lack of flagella, but recent
studies showed that A. baumannii displays two forms of
motility known as swarming and twitching.44 Therefore, we
assessed the influence of JcCuS on the swarming motility and
twitching motility. It was found that CRAB displayed a
swarming motility of 7 mm in the first 24 h, which increased to
39 mm in 96 h. At 3.91 μM concentration of cCuS NPs,
swarming motility was reduced to 5 mm in the first 24 h and
31 mm in 96 h. Strikingly, 3.91 μM JcCuS inhibited the
coordinated translocation of the bacterial population across the
surface to a greater extent over the tested period (Figure 8).

The surface-associated bacteria movement over moist surfaces,
known as twitching motility, was inhibited excellently by 3.91
μM JcCuS compared to cCuS NPs (see Figure S11). The
results revealed that the JcCuS action mechanism involves
inhibition in EPS production, reduced CSH, and motility
inhibition to prevent the adherence potential at the initial stage
of biofilm formation.
Anti-infective Activity of JcCuS. The in vitro study

clearly showed that JcCuS had excellent antimicrobial and
antibiofilm activity. Hence, we analyze the efficacy of JcCuS in
treating infective hosts. Zebrafish (Danio rerio) genome reveals
that 84% of genes associated with human diseases are
conserved between humans and zebrafish.45,46 Thus, zebrafish
were considered for this study. It is an easily accessible, well-
validated animal model for studying drug effects. Healthy
zebrafish were infected intramuscularly with CRAB and
divided into two groups: Group A and Group B. Group A
was left untreated, and Group B was treated after 3 h of

infection with 15.63 μM JcCuS. Group A succumbed to
infection in less than 10 h, whereas Group B responded to the
JcCuS treatment and survived the infection. To determine the
anti-infective effect of JcCuS against CRAB, the bacterial load
in the muscles was assessed by the colony count method. To
make colony counts in the muscles, the fish from both groups
were collected at a defined time point, sacrificed, digested,
diluted, and then platted on a sterile agar plate. It is noted from
Figure 9 that the number of colony-forming units (CFUs) is

the same in both groups at the third hour of infection. In
Group A, the CFU increases in the untreated fish over time,
suggesting the infection spreading throughout the animal,
which resulted in killing the fish in <10 h. Group B treated
with 15.63 μM JcCuS showed a 1.1 log-fold reduction in CFU
at the first 3 h of treatment and decreased further over time.
Noteworthy, the infected fish treated with 15.63 μM cCuS
NPs/ciprofloxacin succumbed to infection because the MICs
of cCuS NPs and ciprofloxacin were 61.25 and 125 μM,
respectively (see Figure S12). This suggests that the 15.63 μM
JcCuS treatment effectively reduces the bacterial bioburden
from the fish tissues, which allows the fish to rescue completely
from CRAB infection.
Biocompatibility Experiments. Hemolysis is a widely

used procedure to evaluate hemocompatibility. The hemolysis
activities were monitored spectrophotometrically by measuring
free hemoglobin and determining the percent heme release
after incubating the RBC with the drug. The freshly collected
RBC was exposed to NPs with and without jacalin at various
MICs. The positive control, Triton X-100, damaged the RBC
membranes and released hemoglobin, whereas the tested
molecules were unable to leak hemoglobin (Figure S13). The
result suggested that the molecules were hemocompatible even
at 8× MIC. In vivo compatibility was studied using zebrafish.
Fish injected intramuscularly with the NPs remained safe and
alive. Further, the biochemical assay of the liver (carbox-
ylesterase, CE) and brain (acetylcholinesterase, ACE) enzyme

Figure 8. Effect of 3.91 μM cCuS and 3.91 μM JcCuS on the
swarming motility of CRAB. The photographs were taken by the
author D.K.S.

Figure 9. Infected zebrafish treatment. Zebrafish infected with 10 μL
of 0.5 OD600nm CRAB. Group A, untreated�succumbed to infection
in <10 h. Group B was administered with 10 μL of 15.63 μM JcCuS
after 3 h post infection. At a defined point, the bacterial colonies
spread in the muscle tissue were determined using the LB agar plate
method. NA�fish not alive. The error bar represents the mean ± SD.
* indicates a statistically significant difference in measured values
when compared to Group A at a defined time point (determined
using Student’s t-test, p < 0.05).
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revealed that cCuS and JcCuS had no effect on the enzyme
activity (see Figure S14). Similar results were reported with
platinum NPs.9 These findings indicate that the NPs are
nontoxic and have the potential to explore in vivo biomedical
science.

■ CONCLUSIONS
In summary, the present study, for the first time, revealed the
true antibiofilm efficiency of JcCuS against CRAB without
affecting growth. Hence, the possibility of drug resistance
against JcCuS will be limited. In vitro assays confirmed that
JcCuS affected the biofilm-associated adherence factors such as
EPS, CSH, swarming, and twitching. Besides antibiofilm
activity, JcCuS displays excellent antimicrobial activity by
damaging the bacterial membrane and producing excess ROS.
Especially, JcCuS exhibits antimicrobial activity at a 4-fold
lower concentration compared to cCuS, suggesting that the
lectin plays a major role in the enhanced susceptibility of
CRAB to JcCuS. Notably, JcCuS treatment was effective in
reducing the in vivo colonization of CRAB in zebrafish and
rescuing the fish from infection. The hemolytic study and the
in vivo toxicity assay suggest that JcCuS is nontoxic. Further
study with model membranes may explain the specificity of
JcCuS to bacteria over mammalian membranes. Considering
the lectin’s role in maximizing the antimicrobial and
antibiofilm combination effect of cCuS on CARB, it could
be a promising strategy to tackle drug-resistant pathogens
listed by the world health organization.

■ EXPERIMENTAL SECTION
Preparation of Jacalin−FITC Conjugates for Imaging.

Jacalin from the jackfruit seeds was isolated using a cross-
linked guar gum column as described previously. The purity of
the lectin was checked by polyacrylamide gel electrophoresis.
The concentration of the jacalin was estimated by the Lowry
assay using bovine serum albumin as standard. About 1 mg/
mL fluorescein isothiocyanate (FITC) dissolved in DMSO was
allowed to react with 1 mg/mL jacalin at 4 °C, pH 8 for 12 h in
dark. After the reaction, the unreacted FITC was removed by
dialysis. The conjugation of jacalin−FITC (JFC) was
confirmed by absorbance and fluorescence spectroscopy. For
labeling, 50 μL of JFC was incubated with 0.5 OD CRAB for
30 min in dark, and the labeled cells were collected by
centrifugation at 3000 rpm for 10 min. The cells were washed
twice with PBS and resuspended in PBS for visualization in a
Nikon Eclipse fluorescence microscope using a green filter.
Binding of cCuS to Jacalin. The 2-((N-(2-hydroxyethyl)-

palmitamido)methyl)-1-methylpyridin-1-ium iodide-capped
copper sulfide (cCuS) nanoparticles were prepared as
described previously.22 The binding between jacalin and
cCuS was monitored in a JASCO-FP8200 spectrometer.
Briefly, 5 μM jacalin (3 mL) was titrated by adding small
aliquots of 1 mM cCuS, and the change in jacalin fluorescence
was monitored from 300 to 400 nm in a quartz cell upon
excitation at 280 nm. The fluorescence data were analyzed
using Stern−Volmer (eq 1) and modified Stern−Volmer (eq
2) equations.

F F K/ 1 cCuS0 c sv= + [ ] (1)

F F f K f/ ( ) cCuS0 a
1

a a
1 1= + ·[ ] (2)

where F0 and Fc are the fluorescence intensities in the
absence and presence of cCuS, respectively, Ksv is the Stern−
Volmer quenching constant, ΔF is the difference in
fluorescence intensity in the presence of cCuS, fa refers to
the fraction of the total fluorophores accessible to the drug,
and Ka is the association constant. The slope gives (Ka fa)−1,
and their ordinate intercepts give the values of fa−1.
Antimicrobial Activity. The antimicrobial activity of cCuS

and JcCuS was tested against carbapenem-resistant A.
baumannii (MTCC-12889) obtained from Microbial Type
Culture Collection and Gene Bank (MTCC), India, following
Clinical & Laboratory Standards Institute (CLSI) guidelines.
The JcCuS complex was prepared by incubating the desired
concentration of cCuS with 50 μM jacalin for 1 h at 4 °C. The
broth microdilution method was performed to determine the
MIC. Briefly, 100 μL of the antimicrobial was added to the first
well of the 96-well plate and serially diluted using 100 μL of
PBS. About 50 μL of 5 × 106 cfu/mL bacterial cells and 50 μL
of Luria-Bertani (LB) broth were added to each well and
incubated in a shaking incubator at 37 °C. After 24 h of
incubation, the optical density of the culture present in each
well was read at 600 nm in a microtiter plate reader (Thermo
Scientific Multiskan EX). In addition to turbidometric
measurement, the MIC was determined by the resazurin
microtitre plate assay, where the treated cells were mixed with
30 μL of resazurin (0.01% wt/vol) and incubated at 37 °C for
2 h. The minimum concentration of drugs that induce the
color change from blue to pink was noted as MIC. Further, a
zone of inhibition assay was performed to demonstrate the
antimicrobial efficiency of JcCuS. Typically, 5 × 106 cfu/mL
bacterial cells were swabbed on a sterile LB agar plate using
sterile cotton swabs. Size wells (10 mm) were constructed
using gel puncture and loaded with 50 μL of cCuS or JcCuS.
After overnight incubation at 37 °C, the zone formed around
the well was measured and reported.

The killing efficiency of JcCuS was determined by time−kill
curve analysis. Briefly, CRAB (5 × 106 cfu/mL) grown in LB
medium was exposed to 15.63 μM cCuS/JcCuS at 37 °C.
Untreated cells were considered as a control. At a defined time
interval, the untreated and treated cultures were collected and
plated on an LB agar plate with suitable dilution. The plates
were incubated at 37 °C for 12 h, and colonies formed on the
plate were counted and reported in cfu/mL.

■ ANTIMICROBIAL MECHANISM
Membrane Permeabilization Assay. The effect of cCuS

and JcCuS on the membrane permeability of CRAB was
analyzed by the acridine orange/propidium iodide dual
staining method. Briefly, 109 cfu/mL CRAB cells were treated
with 15.63 μM cCuS/JcCuS for 2 h at 37 °C. Then, the cells
were collected by centrifugation at 3000 rpm for 10 min and
resuspended in 1 mL PBS buffer. About 10 μL of resuspended
cells were stained with 10 μL of 0.5 M AO/PI. After 5 min
incubation in dark, the cells were drop-cast on a sterile glass
plate and visualized under 100× magnification in a Nikon
Eclipse fluorescence microscope. A green filter for AO and a
red filter for PI were used.

The effect of cCuS/JcCuS on the outer membrane
permeability barrier of CRAB was further analyzed by the 1-
N-phenylnapthylamine (NPN) uptake assay. Briefly, 109 cfu/
mL CRAB cells were treated with 15.63 μM cCuS/JcCuS for 2
h at 37 °C. Then, the cells were collected by centrifugation at
3000 rpm for 10 min. The pellet was resuspended in 1 mL of
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PBS buffer and mixed with 0.5 M NPN. The cell uptake NPN
showed strong fluorescence, which was measured by
monitoring emission at 420 nm and excitation at 350 nm.
Untreated cells and cells treated with 5 mM Triton X-100
served as negative and positive controls, respectively.
Membrane Depolarization Assay. The effect of cCuS/

JcCuS on the depolarization cytoplasmic membrane of CRAB
was assessed by a membrane potential-sensitive fluorescent
dye, diSC3(5). CRAB cells cultured overnight grown in LB
broth were harvested by centrifugation at 3000 rpm, washed
thrice, and diluted to 0.5 OD600nm with HEPES buffer (pH 7.2)
containing 250 mM sucrose and 5 mM MgSO4. About 2 mL of
the bacterial suspension was mixed with 3 μM diSC3(5) and
incubated for 1 h at 37 °C to maximize the dye uptake. The
unbound dyes were removed by washing with HEPES buffer.
Then, 15.63 μM cCuS/JcCuS was added to the bacterial
suspension containing diSC3(5). The fluorescence emission
was monitored at 670 nm (excitation wavelength = 622 nm).
Untreated cells and cells treated with 200 μM Triton X-100
were used as negative and positive controls, respectively.
Reactive Oxygen Species. The generation of ROS in

CRAB was analyzed by the dichlorofluorescein diacetate
(H2DCFDA) assay. Briefly, 109 cfu/mL CRAB cells were
treated with 15.63 μM cCuS/JcCuS for 2 h at 37 °C. Then, the
cells were collected by centrifugation at 3000 rpm for 10 min,
resuspended in 1 mL of PBS buffer, and then incubated with
(30μg/mL) H2DCFDA at 37 °C for 30 min in dark. The
formation of dichlorofluorescein was monitored at an emission
wavelength of 670 nm and an excitation wavelength of 622 nm.
Untreated cells and cells treated with 500 μM H2O2 were used
as negative and positive controls, respectively.
Antibiofilm Activity. The minimum biofilm inhibitory

concentrations of cCuS and JcCuS against CRAB biofilm were
determined by the crystal violet assay. Typically, a 1%
overnight culture of CRAB was used to inoculate 200 μM
tryptic soy broth (TSB) in a 96-well plate without and with
various concentrations of cCuS/JcCuS and incubated at 37 °C
for 24 h. After that, the microtiter plates were washed three
times with PBS to remove unbound cells, followed by air-
drying. Then, the plates were stained with a 0.1% crystal violet
solution for 20 min, washed with PBS to remove excess stain,
and dried at 60 °C for 20 min. The CV-stained biofilm was
extracted using a 30% glacial acetic solution and its absorbance
was noted at 595 nm. The percent biofilm inhibition was
calculated using the following formula:

A A A(%) ( )/ 100C T C= [ ] × (3)

where AC and AT are the control OD595nm and treated OD595nm,
respectively.

For the determination of the minimum biofilm eradication
concentration, a 1% overnight culture of CRAB was used to
inoculate 200 μM of tryptic soy broth (TSB) in a 96-well plate
and incubated at 37 °C for 24 h. After that, PBS buffer
containing varying concentrations of serially diluted cCuS and
JcCuS was added to the plate and incubated at 37 °C. After 24
h, the planktonic cells were washed with PBS and the biofilm
was stained with 0.1% CV. Then, the plates were processed as
described above.

For the microscopic analysis, the biofilm assay was carried
out in a 24-well plate containing glass slides in the absence and
presence of JcCuS for 24 h at 37 °C. The slides were stained
with 0.1% CV and imaged at the magnification of 100× under
a Nikon Eclipse microscope. For biofilm eradication, the

preformed biofilm on a glass slide was treated with JcCuS for
24 h and the CV-stained biofilm was imaged.
Pellicle Assay. The effect of cCuS/JcCuS on biofilm

formation of CRAB at the air−liquid interface was assessed at
static conditions. Briefly, a 1% overnight culture was added to
3 mL of TSB medium without and with 3.91 μM cCuS/JcCuS
in glass test tubes and incubated for 72 h at 37 °C without
disturbance. For the quantification of pellicle content, 1 mL of
ethanol was added carefully underneath the pellicle material
without disturbing the top pellicle layer. The floatable pellicle
material was collected and the OD was measured at 595 nm.

■ ANTIVIRULENCE EFFICACY OF JCCUS
EPS Production. For EPS quantification, overnight culture

of CRAB diluted to 1:100 in TSB medium was used. About
100 μL of diluted CRAB cultures were grown in the absence
and presence of 3.91 μM cCuS/JcCuS for 24 h at 37 °C. After
24 h, the planktonic cells were removed and the plates were
washed three times with PBS. The biofilm adhered to the plate
contained EPS, which was extracted with a phenol/sulfuric
acid/water (125/650/225 μL) solution. Using eq 3, the
percentage of EPS inhibition was calculated by measuring the
extract absorbance at 490 nm.
Cell Surface Hydrophobicity. The influence of cCuS/

JcCuS on the CSH of CRAS was analyzed by the MATH assay.
Briefly, 109 cfu/mL CRAB cells were grown in the absence and
presence of 3.91 μM cCuS/JcCuS for 2 h at 37 °C. After 2 h,
the cells were collected by centrifugation at 3000 rpm and
washing with PBS. The washed cells were resuspended in 1 mL
of PBS to which 1 mL of toluene was added, vortexed for 10
min, and kept at 4 °C for 24 h for phase separation. After the
phase separation, the OD of the aqueous phase was monitored
at 600 nm. From the OD values, the CSH was calculated by
the following formula:

CSH (%) 100 1 (OD after vortex

/OD before vortex)

= × [
]

Motility Assay. The swarming and twitching motility of
CRAB was evaluated in a tryptic soy agar (TSA) plate. For the
swarming motility assay, a 0.4% TSA plate was prepared
without and with 3.91 μM cCuS/JcCuS. About 5 μL of the
CRAB overnight culture was placed in the center of the plate
and incubated in a static incubator at 37 °C. After incubation,
the motility zone was observed and measured at 24 and 96 h.
For the twitching motility assay, a 0.8% TSA plate was
prepared without and with 3.91 μM cCuS/JcCuS. A sterile
toothpick dipped in the CRAB overnight culture was stabbed
in the middle region of the plate till the bottom. The plates
were incubated in a static incubator at 37 °C for 72 h, and
then, the agar was discarded carefully. The plates were washed
with PBS and stained with 0.1% CV.
Anti-infective Assay. Zebrafish weighing ∼300 mg,

irrespective of sex, was purchased from the local aquarium,
Thanjavur, India. Fish were fed a commercial fish diet and
allowed to acclimatize to the lab environment for three days in
aerated glass tanks containing tap water. For the anti-infective
assay, 20 healthy fish were injected intramuscularly with 10 μL
of 0.5 OD (109 cfu/mL) as described in ref 46. After 3 h, the
fish were divided into two groups, Group A served as a control
and was treated with PBS. Group B was treated with 10 μL of
JcCuS (3.91 μM). At a defined time point, the fish were
collected and sacrificed, and the muscle tissues were dissected.
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About 30 mg of dissected muscle tissue was homogenized,
diluted appropriately, and then plated on a sterile LB agar
plate. The plates were incubated for 12 h at 37 °C. The
colonies formed on the plates were counted and reported in
cfu/mL.
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