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ABSTRACT: Pathogenic biofilms are up to 1000-fold more  Profiing biofims by Biofilm infection
lanthanide encoding

. ) o Machine learning diagnosis
drug-resistant than planktonic pathogens and cause about 80%

of all chronic infections worldwide. The lack of prompt and
reliable biofilm identification methods seriously prohibits the
diagnosis and treatment of biofilm infections. Here, we
developed a machine-learning-aided cocktail assay for prompt
and reliable biofilm detection. Lanthanide nanoparticles with
different emissions, surface charges, and hydrophilicity are
formulated into the cocktail kits. The lanthanide nanoparticles in the cocktail kits can offer competitive interactions with the
biofilm and further maximize the charge and hydrophilicity differences between biofilms. The physicochemical heterogeneities
of biofilms were transformed into luminescence intensity at different wavelengths by the cocktail kits. The luminescence
signals were used as learning data to train the random forest algorithm, and the algorithm could identify the unknown biofilms
within minutes after training. Electrostatic attractions and hydrophobic—hydrophobic interactions were demonstrated to
dominate the binding of the cocktail kits to the biofilms. By rationally designing the charge and hydrophilicity of the cocktail
kit, unknown biofilms of pathogenic clinical isolates were identified with an overall accuracy of over 80% based on the random
forest algorithm. Moreover, the antibiotic-loaded cocktail nanoprobes efficiently eradicated biofilms since the nanoprobes
could penetrate deep into the biofilms. This work can serve as a reliable technique for the diagnosis of biofilm infections and it
can also provide instructions for the design of multiplex assays for detecting biochemical compounds beyond biofilms.
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INTRODUCTION routine antibody-based assay ineffective. PCR-based methods
show good reliability in the identification of pathogens.'®
However, the EPS are difficult to lyse, and nucleic acids are
vulnerable to fragmentation in the harsh lysate, causing false-
positive or false-negative results in biofilm detection by
PCR.'*'® Therefore, developing methods for the prompt and
reliable identification of biofilms is crucial for the diagnosis and
treatment of biofilm infections.

The EPS mainly consist of polysaccharides, proteins, nucleic

Pathogenic biofilms are responsible for about 65% and 80% of
all microbial and chronic infections, respectively, as reported
by the National Institutes of Health of America.' Biofilm
consists of pathogens adhering to the abiotic surface and the
self-secreted slimy extra-cellular polysaccharides (EPS) that are
tightly wrapped the inner pathogens.””* The EPS protects the
pathogens from the attack of an immune defense and

antibiotics.”*® Moreover, the pathogens in biofilms can share ) o s - -
drug resistance genes by plasmid exchange.>” ™ These features acids, and lipids. The chemical composition of the EPS varies

make pathogens in biofilms clinically 1000-fold more resistant among biOﬁllms’ Sugges.ting that biofilms display diﬂ'er.e.nt
to antibiotics compared with planktonic pathogens.®'”' ' To physicochemical properties such as charge and hydrophilic-

fight biofilm infections, tailor-made therapies are indispensable

since the most efficient therapies can only be formulated after Received: December 20, 2021
doctors ascertain the pathogen species.'”'”'> However, the Accepted:  January 26, 2022
complicated biofilm matrix makes biofilm infections clinically Published: January 31, 2022

challenging in diagnosis.'® The EPS can prevent the targeting
molecules such as antibodies from labeling the inner pathogens
because the EPS are difficult to penetrate,”'’ making the
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Scheme 1. Schematic Diagram of Biofilm Identification with the Machine-Learning-Aided Cocktail Assay”
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“A panel of lanthanide-doped nanoprobes with different emission wavelengths, surface charges, and hydrophilicities are formulated into a cocktail
kit. The cocktail kit can bind to the biofilms via interactions that include electrostatic and hydrophobic—hydrophobic interactions. Due to the
heterogeneity of biofilms, the lanthanide-doped nanoprobes that accumulate in the biofilms differ from biofilm to biofilm, making it possible to
present the characteristic features of biofilms using luminescence signal patterns. The luminescence signals are used as the input data for biofilm
classification. Random forest algorithms are trained with the characteristic luminescence signal patterns of biofilms. After training, the random
forest algorithms can further identify the unknown biofilms in minutes.

ity."”*° Therefore, identifying biofilms by their fingerprint
physicochemical properties even without any preknowledge of
the specific chemical or biotargets is promising. Reliable
biofilm identification can be achieved by defining the
signatures of biofilms through multiplexed measurements of
the fingerprint physicochemical properties of the EPS.
Considering that the physicochemical properties of the EPS
might be influenced by the local growth environment,” a large
number of biofilm samples should be measured to increase the
effect sizes and the accuracy of biofilm fingerprint data.”' Thus,
a multiplexed assay with a built-in data processing capability is
ideal for prompt and reliable biofilm identification.

Machine learning offers a highly effective tool for parsing
massive amounts of data by employing a set of computational
algorithms.”” Herein, we report a machine-learning-aided
cocktail assay for biofilm identification by the multiplexed
measurement of the fingerprint physicochemical properties. By
rationally designing the charge and hydrophilicity of nanop-
robes in the cocktail kit, the fingerprint physicochemical
properties of biofilms can be obtained for reliable biofilm
identification. Electrostatic and hydrophobic—hydrophobic
interactions are confirmed to dominate the binding of the
nanoprobes to the biofilms. The unknown biofilms of
pathogenic clinical isolates and biofilm subtypes were all
identified with a random forest algorithm with an overall
accuracy of over 80%. Moreover, antibiotic-loaded nanoprobes
display an antibacterial efficiency of over 75%, doubling that of
single antibiotics. This work establishes a prompt and reliable
assay for biofilm identification and treatment and not only can
provide instructions for the design of biofilm detection assays
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but also can be potentially translated into clinical practice for
biofilm infection diagnosis and treatment.

RESULTS AND DISCUSSION

The nature of the EPS needs to be taken into consideration in
the design of the cocktail kit for discriminating the
physicochemical difference between biofilms. Since the EPS
of biofilms in nature are efficient in the enrichment of
nanoparticles such as sulfide and phosphate,” lanthanide-doped
luminescence nanoparticles are employed to recognize
biofilms. The EPS of biofilms are generally negatively charged,”
suggesting that positively charged nanoparticles can bind to the
EPS easily. However, some molecules in the EPS that are
produced by several bacterial species can be positively charged.
For instance, polysaccharides are polycationic in Staph-
ylococcus.”” Thus, nanoparticles with negative charges can
bind to the positively charged domain of the EPS. Therefore,
both positively charged and negatively charged nanoparticles
are needed to discriminate the charge difference between
biofilms. In EPS, the polysaccharides, proteins, and DNA are
amphipathic molecules with both hydrophilic and hydrophobic
moieties.” These molecules bind to each other via hydro-
phobic—hydrophobic interaction to form the 3D polymer
network of biofilms.>**™*° In the hydrated microenvironment,
nanoparticles with surface amphipathic ligands can bind to the
EPS via hydrophobic—hydrophobic interactions. Thus, nano-
particles with variable hydrophilicity can discriminate the
hydrophilicity difference between biofilms. In summary,
positively charged and negatively charged lanthanide nano-
particles with variable hydrophilicity are designed for the
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Figure 1. Biofilm classification with the machine-learning-aided cocktail assay. (a) Schematic illustration of labeling and classifying biofilms
with the cocktail assay. (b) TEM image of the La,0,S:Tb nanoparticles. (c) Photoluminescence spectra of the La,0,S:Tb, La,0,S:Dy, and
La,0,S:Eu nanoparticles. (d) Heat map of the normalized photoluminescence luminescence intensity and total PersL intensity from the
labeled biofilms (16 samples for each biofilm are shown). (e) Three-dimensional (3D) PCA canonical score plot showing the classification of
the biofilms. The amphipathic ligands used are as follows: dextran, cetyltrimethylammonium bromide (CTAB), poly(ether imide) (PEI), 11-
(3,4-dicarboxyphenoxy)-N,N,N-trimethylundecan-1-aminium chloride (TMA), polyethylene glycol (PEG), and poly(acrylic acid) (PAA).
The cocktail kit used is as follows: La,0,S:Tb-dextran, La,0,S:Dy-CTAB, La,0,S:Eu-PEI, Gd,0,S:Tb-TMA, Gd,0,S:Dy-PEG, and

Gd,0,S:Eu-PAA.

multiplexed measurement of the physicochemical differences
between biofilms.

Scheme 1 summarizes the machine-learning-aided cocktail
assay to profile biofilms as a function of their fingerprint
physicochemical properties. A panel of lanthanide-doped
luminescence nanoparticles with different emissions are
employed to construct the multiplexed measurement cocktail
kit. Amphipathic ligands with both positive or negative charges
and variable hydrophilicity are modified on the surface of the
nanoparticles. The presence of these nanoprobes in the
cocktail kit can offer competitive interactions with the biofilm
and maximize the charge and hydrophilicity differences
between biofilms.”" The fingerprint physicochemical properties
of biofilms are transformed into luminescence signals by the
cocktail kit. The luminescence signals are fed as learning data
to train the random forest algorithm for biofilm classification.
After training, the random forest algorithm can identify the
unknown biofilms within minutes. In this way, prompt and
reliable biofilm identification is realized with the machine-
learning-aided cocktail assay.

The lanthanide nanoprobes show the variable binding ability
to different biofilms, so the labeled biofilms can produce
characteristic luminescence signal patterns for biofilm identi-
fication, as illustrated in Figure la. The La,0,S:Tb/Dy/Eu and
Gd,0,8:Tb/Dy/Eu nanoparticles’” are well-dispersed with a
diameter of about 25 nm (Figures 1b, S2, and S3). These
lanthanide-doped nanoparticles display good crystallinity
(Figures S4 and SS) and narrow green, yellow, and red
emissions (Figures Ic and S7). Persistent luminescence
(PersL) was observed in all of these lanthanide-doped
nanoparticles (Figures S8 and S9). The Tb-, Dy-, and Eu-
doped nanoparticles were further functionalized by amphi-
pathic ligands with variable charges and hydrophilicities for the
preparation of the cocktail kit (Tables S1 and S2 and Figures
$13—S18). The prepared lanthanide-doped nanoprobes show
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good colloidal stability (Figure S19). According to previous
studies on in vivo biofilm infections, the following biofilms
were selected: Staphylococcus aureus (S. aureus), Acinetobacter
baumannii (A. baumannii), Pseudomonas aeruginosa (P.
aeruginosa), Stenotrophomonas maltophilia (S. maltophilia),
and Escherichia coli (E. coli)."**®*’ P. aeruginosa, S. maltophilia,
and A. baumannii were pathogenic clinical isolates provided by
the Zhongnan Hospital of Wuhan University.

The designed cocktail kit was further used to classify the
above biofilms (Figure S20). Figure 1d summarizes the
physicochemical features of the biofilms, presented as the
luminescence intensity and the total PersL intensity. Different
luminescence signal patterns were observed across the five
biofilms, indicating the heterogeneous physicochemical
features of different biofilms (Figures 1d and S21). In the
preliminary study, principal component analysis (PCA) was
employed to classify the biofilms based on the above
luminescence data to investigate whether the cocktail kit was
promising for biofilm discrimination.’*™** As shown in Figure
le, the data groups from the five biofilms show considerable
separation in the 3D PCA scatter map, showing that
multiplexed measurement of the fingerprint features is
promising for biofilm identification. These assays suggest that
the cocktail kit can afford variable binding affinities to different
biofilms, and the competitive binding of the nanoprobes with
the biofilm can maximize the physicochemical differences for
efficient biofilm discrimination.

The biofilm discrimination performance of the cocktail assay
depends on the interaction between the nanoprobes and the
biofilms.**** The interaction forces that govern the binding of
the nanoprobes to biofilms were further investigated in an
attempt to guide the design of efficacious cocktail Kkits.
La,0,S:Tb-based nanoprobes with different surface charges
and hydrophilicities were designed as follows: Tb-dextran, Tb-
CTAB, Tb-PEI, Tb-TMA, Tb-PEG, Tb-PAA, and Tb-DMPA
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Figure 2. Investigation of the binding of lanthanide-doped nanoprobes to biofilms. (a) {-Potentials of the Tb-dextran, Tb-DMPA, Tb-CTAB,
Tb-PEI, Tb-TMA, Tb-PEG, and Tb-PAA nanoprobes. (b) Contact angles of the lanthanide nanoprobes with a glass slide. (c) Optical images
showing the contact angles of Tb-PEG, Tb-TMA, and Tb-DMPA droplets with a glass slide. (d) The binding efficiencies of the nanoprobes
with S. aureus and E. coli biofilms. Error bars represent the mean + standard error of the mean (s.e.m.) of three independent experiments. (e
and f) 3D surface projection of Z-stack images showing the distributions of the Tb-dextran nanoprobes (green channel) in the S. aureus
biofilm (red channel) and the E. coli biofilm (red channel), respectively.

(Table SI and S3). The physicochemical properties of these
nanoprobes and their binding performance to the biofilms
were investigated. Figure 2a shows that the {-potential of the
nanoprobes ranges from about 17 (Tb-PEI) to —21.5 mV (Tb-
PAA), indicating the different surface charges of these
nanoprobes. Figure 2b summarizes the contact angle of the
lanthanide-doped nanoprobes, showing the different hydro-
philicities of these nanoprobes. The contact angle images of
the nanoprobe dispersion droplets further show the different
hydrophilicities of the nanoprobes (Figures 2¢c and S23). For
easy comparison, the nanoprobes with contact angles below
35° were defined as strongly hydrophilic (Tb-DMPA, Tb-PEI,
Tb-TMA, and Tb-PAA), and the other nanoprobes were
defined as weakly hydrophilic (Tb-dextran, Tb-CTAB, and Tb-
PEG). The binding of these nanoprobes to biofilms was further
investigated.

Gram-positive S. aureus and Gram-negative E. coli were used
as the model biofilms. To quantify the binding ability of the
lanthanide-doped nanoprobes to S. aureus and E. coli biofilms,
the nanoprobes bound to the biofilms were lysed and further
measured by inductively coupled plasma atomic absorption
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spectrometry. Generally, the positively charged nanoprobes
display an enhanced binding ability to both biofilms compared
with the negatively charged nanoprobes (Figure 2d). This
result confirms that the biofilms are usually negatively charged
and the electrostatic attraction between the positively charged
nanoprobes and the negatively charged biofilm plays a crucial
role in the binding of the nanoprobes to the biofilm. It is worth
noting that the binding efficiency of the positively charged
nanoprobes to the biofilms does not increase gradually with
the increase of the positive charge. Instead, positively charged
nanoprobes with weak hydrophilicity (Tb-dextran and Tb-
CTAB) display enhanced binding to the biofilms, suggesting
that hydrophobic—hydrophobic interactions also contribute to
the binding of the lanthanide-doped nanoprobes to the
biofilms. The binding of the nanoprobes to the biofilms was
further visualized by confocal microscopy. The 3D images
show that the S. aureus (red channel, Figure 2e) and E. coli
(red channel, Figure 2f) biofilms are about 7—20 pm thick
(Figures S24 and S25). The Tb-dextran nanoprobes (green
channel, Figure 2e and f) accumulate on the surface of the S.
aureus and E. coli biofilms. Additionally, the luminescence
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Figure 3. Cocktail kit optimization for efficient biofilm identification. (a) Schematic illustration of the machine-learning-driven DBTL
pipeline. (b—e) PCA canonical score plots showing the biofilm discrimination performance of the cocktail kits. CK-1, Tb-PEG/Dy-dextran/
Eu-PEI; CK-2, Tb-DMPA/Dy-dextran/Eu-PEG; CK-3, Tb-PAA/Dy-dextran/Eu-PEI; and CK-4, Tb-DMPA/Dy-PEI/Eu-PEG.

signal of the Tb-dextran nanoprobes (green channel) is present
in the middle and bottom of the biofilms, suggesting the
penetration of the nanoprobes into the EPS of biofilm.”"”
Other Tb-based nanoprobes show variable penetration depths
into the biofilm, suggesting their different binding ability to the
biofilms (Figures S24 and S25). The penetration of the
nanoprobes into the EPS makes it possible for the nanoprobes
to discriminate the composition differences within the EPS
between biofilms. The deep penetration of the nanoprobes into
biofilms also makes the nanoprobes valuable for delivering
antibiotics to the inner bacteria for biofilm ablation. The above
assay confirms that both electrostatic attraction and the
hydrophobic—hydrophobic interaction play pivotal roles in
the binding of the lanthanide nanoprobes to the biofilms.

Having shown the interaction forces that govern the binding
of lanthanide-doped nanoprobes to biofilms, a machine-
learning-driven design—build—test—learn (DBTL) pipeline
was further constructed to optimize the cocktail kit (Figure
3a). To simplify the cocktail kit, three nanoprobes were
formulated into a cocktail kit (Table S4). The biofilm
classification performance of the cocktail kit was evaluated
by machine learning. If the biofilm classification performance is
poor, the charge or the hydrophilicity of the nanoprobes in the
cocktail kit will be adjusted accordingly, and another DBTL
cycle will be initiated. If good biofilm classification perform-
ance appears, the cocktail kit will be used for the detection of
the unknown biofilm.
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To create strong electrostatic attraction and hydrophobic—
hydrophobic interactions, we designed the following cocktail
kits containing a high portion of positively charged nanoprobes
and weak hydrophilic nanoprobes: the Tb-PEG/Dy-dextran/
Eu-PEI cocktail kit (named CK-1) and the Tb-DMPA/Dy-
dextran/Eu-PEG cocktail kit (named CK-2). In CK-1 and CK-
2, two nanoprobes are positively charged and one nanoprobe is
negatively charged while two nanoprobes are weakly hydro-
philic and one nanoprobe is strongly hydrophilic. The biofilm
classification performance of these two cocktail kits is
presented in Figure 3b and c. Well-separated scatters of
biofilms are visible, confirming that both positively and
negatively charged nanoprobes are crucial for maximizing the
composition difference between biofilms. The hydrophilicity of
the cocktail kit was further increased to check if better biofilm
discrimination results could be obtained. The Tb-PAA/Dy-
dextran/Eu-PEI cocktail kit (named CK-3) and the Tb-
DMPA/Dy-PEI/Eu-PEG cocktail kit (named CK-4) in which
only one nanoprobe was weakly hydrophilic were thus
designed. These two cocktail kits (CK-3 and CK-4) also
displayed good biofilm classification abilities (Figures 3d and e,
S26, and S27) but were not better than CK-1. The cocktail kits
containing one positively charged nanoprobe and two
negatively charged nanoprobes or three positively charged
nanoprobes displayed poor biofilm classification performance
(Figures S26 and S27). The above results thus suggest that a
higher portion of positively charged nanoprobes and weakly
hydrophilic nanoprobes in the cocktail kit can differentiate the
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Figure 4. Identification of unknown biofilms with the machine-learning-aided cocktail assay. (a) Application of the trained machine-learning
algorithm to an independent validation cohort. The actual and predicted class of the biofilm is shown. (b) ROC curves showing the cocktail
assay’s success in identifying biofilms. (c) Confusion matrix summarizing the biofilm identification results.

physicochemical heterogeneity between biofilms well. It is
noteworthy that the CK-1 cocktail kit displays a better biofilm
discrimination performance than the cocktail kit containing six
nanoprobes shown in Figure le, suggesting that efficient
biofilm discrimination can be achieved by the rational design of
the cocktail kit.

Having shown the basic principle in the design of the
cocktail kit for profiling the biofilm physicochemical
heterogeneity, a random forest algorithm was further built
for the identification of unknown biofilms. The CK-1 cocktail
kit was used here for biofilm labeling. A training cohort
containing a total number of 1040 samples of the five biofilms
was used to train the algorithm. After training, the unknown
biofilm identification performance of the algorithm was tested.
The luminescence pattern of the labeled biofilms in the
validation cohort and the predicted identity of the biofilm are
summarized (Figures 4a and S28). Most of the 150 unknown
biofilms were correctly identified by the machine-learning-
aided cocktail assay. Particularly, the obtained sensitivity,
specificity, and accuracy in identifying S. maltophilia are 100%,
100%, and 100%, respectively, suggesting the good reliability of
the cocktail assay in biofilm identification (Figures 4a and
S28). Receiver operating characteristic (ROC) analysis was
utilized to evaluate the identification capability of the machine
learning model (Figure 4b). As indicated in Figure 4b, the
areas under the ROC curve (AUC) for identifying five kinds of
biofilms are all above 0.88, indicating that the cocktail assay
exhibits a high accuracy and reliability in biofilm identification.
Particularly, the accuracy of the cocktail assay in the
identification of the S. maltophilia biofilm is 100%. The biofilm
identification results were further mapped into a confusion
matrix (Figure 4c). The accuracies in identifying E. coli, A.
baumannii, P. aeruginosa, S. maltophilia, and S. aureus are
84.6%, 69.0%, 88.2%, 100%, and 78.1%, respectively. In total,
126 of the 150 unknown biofilm samples were classified
correctly, affording an identification accuracy of 84.0%. It is
worth mentioning that the whole labeling and identification

3305

processes for the given multiple biofilms can be finished in
about 1.5 h. These results indicate the feasibility of the cocktail
assay in the detection and diagnosis of biofilm infections.
Bacterial drug susceptibility is constantly evolving, and even
bacterial strains of the same species show significantly different
susceptibilities to antibiotics. The variable drug susceptibility
among bacteria subtypes complicates the treatment of
infections, especially in the form of biofilm infections.”™
The machine-learning-aided cocktail assay was further tested
for biofilm subtyping in an attempt to provide potential
instruction for clinicians to formulate efficient therapeutic
options in the future (Figure 5a). S. aureus is among the most
frequent bacteria associated with biofilm infections, and several
S. aureus subtypes with strong drug resistantance have been
clinically isolated.””®*” The S. aureus subtypes were used to
test the biofilm subtyping performance of the machine-
learning-aided cocktail assay. The CK-1 cocktail kit was used
to label the S. aureus subtypes, and the random forest
algorithm was trained with the luminescence characteristics of
the labeled biofilms. Figure Sb summarizes the luminescence
pattern of the labeled S. aureus biofilm subtypes in the training
cohort, and the different luminescence responses are observed
across these biofilms. For instance, the labeled SA-RN4220
biofilm shows the lowest green emission at 546 nm, whereas
the labeled SA-RN43300 biofilm displays the strongest green
and yellow emissions at 546 and 582 nm, respectively,
suggesting that the luminescence features could realize efficient
S. aureus biofilm subtype discrimination. Figure Sc further
shows the separation of the data groups from the biofilms,
confirming that the cocktail kit is capable of biofilm subtyping.
The random forest algorithm was used to learn the
luminescence features of the labeled biofilms (360 samples),
and the performance of the algorithm in identifying unknown
biofilms of S. aureus subtypes was investigated. The confusion
matrix in Figure 5d shows that the biofilm subtyping accuracy
is 90%, clearly demonstrating the robust ability of the cocktail
assay in biofilm identification. The above results demonstrated
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Figure S. Biofilm subtyping with the machine-learning-aided cocktail assay. (a) Schematic illustration of S. aureus biofilm subtyping with the
machine-learning-aided cocktail assay. (b) The luminescence intensity pattern of the labeled S. aureus biofilm subtypes in the training cohort
at different wavelengths. (c) PCA canonical score plots showing the classification of the S. aureus biofilm subtypes. (d) Confusion matrix
showing the S. aureus biofilm subtype identification results in the validation cohort. The sensitivity, specificity, and accuracy in identifying
the SA-6568 biofilm are 100%, 93.8%, and 95.0%, respectively. The sensitivity, specificity, and accuracy in identifying the SA-12600 biofilm
are 75.0%, 100%, and 95.0%, respectively. The sensitivity, specificity, and accuracy in identifying the SA-29213 biofilm are 85.7%, 94.1%, and
95.0%, respectively. The sensitivity, specificity, and accuracy in identifying the SA-RN4220 biofilm are 90.9%, 100%, and 97.5%, respectively.
The sensitivity, specificity, and accuracy in identifying the SA-43300 biofilm are 100%, 100%, and 100%, respectively.

the following virtues of the machine-learning-aided cocktail
assay: (1) design flexibility, (2) robust discrimination
capability, and (3) broad application potentials. The designed
machine-learning-aided cocktail assay for biofilm identification
and subtyping provides a reliable method for the detection of
biocompounds beyond biofilms based on multiplexed recog-
nition assay.u’%’37

The potential applications of the cocktail nanoprobes in
delivering antibiotics into the EPS for biofilm eradication were
further tested. The biofilms treated by Tb-dextran-ampicillin
displayed primarily dead cells (red-fluorescent), clearly
suggesting that the biofilms were eradicated in large quantities
(Figure 6a and b). Tb-dextran-ampicillin affords an anti-
bacterial efficiency of over 75%, doubling that of single
ampicillin (Figure 6¢c and d). These results suggest that the
deep penetration of the nanoprobes into biofilms can
significantly improve the effectiveness of antibiotics in
eradicating biofilms. The performance of Tb-dextran-ampicillin
was further tested in eradicating biofilms on pacemakers
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(Figure S29). With the treatment by bare ampicillin, the S.
aureus biofilm shows collapsed cells, while the shape of most
cells is maintained. In contrast, the cell walls of the S. aureus
are seriously collapsed in the biofilm treated with Tb-dextran-
ampicillin (Figure 6e), confirming the potent ability of Tb-
dextran-ampicillin to eradicate biofilms. The similar potent
antibacterial performance of Tb-dextran-ampicillin toward the
E. coli biofilm was also demonstrated (Figure 6f). The above
findings demonstrated the promise of the surface-modified
lanthanide nanoparticles in biofilm eradication. We have
shown that surface modification can affect the binding of
lanthanide nanoparticles to biofilms, suggesting that the
biofilm eradication performance of the nanoprobes can also
be influenced by surface modification. The binding affinity of
the nanoparticles to the biofilm and the penetration,
accumulation, and distribution of the nanoparticles in biofilms
are all influenced by the surface modification.”® The antibiotic
delivery efficiency and the biofilm eradication performance of
the lanthanide nanoparticles can be further improved by
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Figure 6. Eradication of biofilms with the lanthanide-doped luminescence nanoprobes. Confocal images of the (a) S. aureus (RN4220) and
(b) E. coli biofilms treated by Tb-dextran-ampicillin. The live and dead bacterial cells are indicated by green and red fluorescence,
respectively. The 3D surface projection of bacterial cells in the biofilms is shown in the right panel. The antibacterial efficiencies of
ampicillin, Tb-dextran, and Tb-dextran-ampicillin toward (c) S. aureus (RN4220) and (d) E. coli biofilms. SEM images showing the (e) S.
aureus (RN4220) and (f) E. coli biofilms after different treatments.

optimizing their surface properties. Previous studies demon-
strated the great advantages of machine learning in optimizing
the surface properties, composition, and structure of nano-
particles in nanomedicines.’” Thus, the antibacterial perform-
ance of the lanthanide nanoprobes can further be optimized in
the future by regulating their surface properties with machine
learning.”” The above results thus demonstrate that the
cocktail assay can also serve as a practicable strategy for
biofilm eradication.

CONCLUSION

In summary, we developed a machine-learning-aided cocktail
assay to capture and integrate the fingerprint physicochemical
features of biofilms into luminescence signals for prompt and
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reliable biofilm identification. The cocktail assay displays
outstanding performance in identifying unknown biofilms of
pathogenic clinical isolates and subtyping biofilms. Impor-
tantly, this developed assay not only serves as a reliable
technique for the diagnosis of biofilm infections but also
provides instructions for the detection of biochemical
compounds beyond biofilms. Moreover, the cocktail nanop-
robes display high efficiencies in biofilm eradication due to
their deep penetration into the biofilms. It is anticipated that
the proposed cocktail assay could be readily implemented into
the clinical workflow for the reliable diagnosis and efficient
treatment of biofilm infections.
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EXPERIMENTAL SECTION

Synthesis of the Lanthanide-Doped Ln,0,S (La,0,S,
Gd,0,S, and Y,0,S) Nanoparticles. The lanthanide-doped
Ln,0,S nanoparticles were synthesized with a thermal decomposition
method.”” Take the synthesis of La,0,S-Tb nanoparticles as an
example. Typically, Na(acac) (0.5 mmol), La(acac); (0.5 mmol),
sulfur powder (0.5 mmol), Th(acac); (0.025 mmol), oleic acid (2.5
mmol), ODE (20 mmol), and oleylamine (17 mmol) were added into
a three-neck round-bottom flask (100 mL). The mixture was heated
at 120 °C for 30 min under vacuum and vigorous stirring to remove
water and other impurities. After that, the resulting solution was
heated to 310 °C and was maintained at that temperature for 40 min
in Ar gas. The obtained La,0,S-Tb nanoparticles were collected by
centrifugation after the solution was cooled to room temperature. The
La,0,S-Tb nanoparticles were further washed with the mixed solution
of ethanol and cyclohexane (3:1, v/v) three times. The La,0,S-Dy
and La,0,S-Eu nanoparticles were prepared by the same procedure.

Preparation of PAA-Guided Lanthanide-Doped Ln,0,S
Nanoprobes. The PAA-guided nanoprobes were prepared according
to a previous study.** Particularly, 25 mg of the prepared lanthanide-
doped Ln,0,S nanoparticles were dispersed in 8 mL of chloroform
under sonication. Then, the mixture was slowly added into a mixed
solution of water (8 mL) and PAA (80 mg). The resultant solution
was allowed to react at room temperature for 24 h under vigorous
stirring. After that, the aqueous phase was isolated, and the PAA-
guided lanthanide-doped Ln,0,S nanoprobes were collected by
centrifugation (S min, 6000 rpm).

Preparation of PEIl-Guided Lanthanide-Doped Ln,0,S
Nanoprobes. The PEI-guided nanoprobes were prepared according
to a reported method.*" Briefly, 25 mg of the prepared lanthanide-
doped Ln,0,S nanoparticles were dispersed in 8 mL of DMSO under
sonication. Subsequently, 150 mg of PEI was dissolved in 8 mL of
DMSO, and the PEI solution was then added into the dispersion of
the above nanoparticles. The resulted mixture solution was refluxed at
95 °C for S h under stirring to form a light yellow solution. The PEI-
guided Ln,0,S nanoprobes were separated by centrifugation.

Preparation of CTAB-Guided Lanthanide-Doped Ln,O,S
Nanoprobes. First, 25 mg of the prepared lanthanide-doped Ln,0,S
nanoparticles were added into a mixture solution of cyclohexane (4
mL) and chloroform (4 mL) under sonication. Subsequently, S0 mg
of CTAB in 8 mL of deionized water was added into the above
solution. The mixed solution was then heated at 40 °C for 24 h under
vigorous stirring. The resultant CTAB-guided lanthanide-doped
Ln,0,S nanoprobes were centrifuged and washed with water three
times.

Preparation of TMA- or DMPA-Guided Lanthanide-Doped
Ln,0,S Nanoprobes. In brief, 25 mg of the prepared lanthanide-
doped Ln,0,S nanoparticles were dispersed in 8 mL of the mixed
solution of cyclohexane and chloroform (1:1, v/v). Then, SO mg of
TMA was dissolved into 8 mL of water by adjusting the pH of the
solution to 10 with NaOH. The TMA solution was added to the
above dispersion of Ln,0,S nanoparticles, and the mixture was stirred
for 24 h at 40 °C. The TMA-guided lanthanide-doped Ln,0,S
nanoprobes were collected by centrifugation and washed. The
DMPA-guided lanthanide-doped Ln,0,S nanoprobes were prepared
with the same protocol.

Preparation of PEG-Guided Lanthanide-Doped Ln,0,S
Nanoprobes. The PEG-guided nanoprobes were also prepared
with a reported method.** Briefly, 25 mg of the prepared lanthanide-
doped Ln,0,S nanoparticles and 2.5 mg of PEG were dispersed in 8
mL of acetone by sonication. Then, 8 mL of Twain-80 was dropwise
added into the above dispersion of Ln,O,S nanoparticles under
vigorous stirring. The mixed solution was allowed to react for 24 h at
room temperature. The PEG-guided lanthanide-doped Ln,0,S
nanoprobes were collected by centrifugation and washing.

Preparation of Dextran-Guided Lanthanide-Doped Ln,0,S
Nanoprobes. A previously reported protocol was used to prepare the
dextran-guided nanoprobes.”> The prepared lanthanide-doped
Ln,0,S nanoparticles (S0 mg) were dispersed in an aqueous solution
(7 mL) containing 500 mg of dextran. The mixture solution was
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sonicated for 10 min and then further allowed to react at room
temperature for 12 h under vigorous stirring. Finally, the dextran-
guided lanthanide-doped Ln,0,S nanoprobes were collected by
centrifugation and washed with distilled water three times.

Biofilm Culture in a 96-Well Microplate. The E. coli DHSa
strain was streaked onto Lysogeny broth (LB) agar plates, and the
plates were incubated at 30 °C overnight. A single colony of E. coli
DHSa was taken and cultured in 10 mL of LB medium (10 g of
Bacto-tryptone, S g of yeast extract, and 10 g of NaCl per liter of
water) at 37 °C with constant shaking (225 rpm) for 8 h. The bacteria
were collected by centrifugation and washed with PBS (10 mM, pH
7.4) three times, followed by redispersion in a modified LB medium
(0.1% glucose,1 mM MgSO,, 0.15 M ammonium sulfate, and 34 mM
citrate buffered to pH 7). For biofilm formation, the E. coli DHSa
strains were routinely grown in the modified LB medium to ensure
bacterial adherence to the base. The concentration of the bacteria was
determined by measuring the ODgy, value. Seeding solutions were
prepared by diluting the bacteria solution with LB medium until the
ODygq value reached about 0.1. Then, 200 L aliquots of the seeding
solutions were added to each well, and the plates were incubated at 16
°C for three days under static conditions. Fresh modified LB medium
was added on day 2. Thereafter, the specimens were carefully rinsed
twice with PBS to remove planktonic bacteria. The S. aureus** P.
aeruginosa, A. baumannii, and S. maltophilia biofilms were prepared
with the same procedure.

Biofilm Labeling with the Cocktail Kits. For cocktail kits
containing all positively charged nanoprobes, the nanoprobes were
mixed directly to prepare the cocktail kits for biofilm labeling. For
instance, Tb-PAA (140 mg/L), Dy-dextran (140 mg/L), and Eu-PEI
(140 mg/L) were directly mixed to prepare a cocktail kit. Typically,
200 pL of the cocktail kit solution was added into each biofilm-
colonized well, and the 96-well microplate was further incubated at 25
°C for 30 min. After incubation, the suspension was gently removed,
and the biofilm in each well was washed three times with PBS. For
biofilm labeling with cocktail kits containing both positively charged
and negatively charged nanoprobes, the biofilm was first labeled with
the positively charged nanoprobes, followed by the negatively charged
ones. For instance, in biofilm labeling with the CK-4 (Tb-PEG/ Dy-
dextran/Eu-PEI) kit, the biofilms were first treated with the mixture of
Dy-dextran (140 mg/L) and Eu-PEI (140 mg/L) for 30 min at 25 °C,
followed by washing with PBS. Then, the biofilms were further
incubated with Tb-PEG (140 mg/L) for 30 min and washed with
PBS. The luminescence intensities from the labeled biofilms at 546,
582, and 620 nm were recorded on a Tecan 2000 Enzyme microplate
reader (Infinite M200 PRO). The total PersL intensity from the
labeled biofilms was measured on an IVIS Lumina XR Imaging
System using a portable UV lamp as the excitation source.

Machine-Learning Algorithm. The machine-learning model was
built based on a random forest algorithm for multiclass classification
with 75% of data collected for the training set and 25% collected for
the testing set. The computation work was performed using Jupyter
Notebook with Python scripts.

Visualizing the Antibacterial Performance of Tb-Dextran-
Ampicillin. For confocal observation, biofilms cultured in the
confocal dishes were treated with Tb-dextran-ampicillin (140 mg/
L). After washing, the biofilms were stained by green-fluorescent
Calcein-AM and red-fluorescent propidium iodide for confocal
microscopy observation. For the SEM observation, biofilms attached
to the pacemakers were treated with ampicillin (0.1 mg/mL), Tb-
dextran (140 mg/L), or Tb-dextran-ampicillin in LB (140 mg/L).
The treated biofilms were fixed overnight with 2.5% glutaraldehyde.
The biofilms samples were dehydrated with sequential ethanol
treatments and further observed by a scanning electron microscope.

Quantifying the Antibacterial Ability of Tb-Dextran-
Ampicillin Nanoprobes. The colorimetric 3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyl tetrazolium bromide (MTT) assay was employed
to quantify the antimicrobial performance of Tb-dextran-ampicillin.**
The biofilms were formed in 96-well plates. Then, 100 L of fresh LB
medium, ampicillin in LB (0.1 mg/mL), or Tb-dextran-ampicillin in
LB (140 mg/L) was added into the wells. The amount of ampicillin in
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the Tb-dextran-ampicillin solution (100 wL) is 0.01 mg. After
incubation at 37 °C for 24 h, the biofilms were gently washed with
sterile normal saline. Each well was pipetted with 90 uL of sterile
normal saline and 10 uL of the MTT solution (5.0 mg/mL). The
plate was further incubated at 37 °C for 3 h. The insoluble substance
in the wells was then dissolved using 100 uL of dimethyl sulfoxide.
The absorbance of the obtained solution at 595 nm was recorded on a
microplate reader.
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