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ABSTRACT: In-host bacterial evolution presents a major barrier
to effective infection management, driving phenotypic adaptations
such as antibiotic resistance and altered virulence. Pseudomonas
aeruginosa, a key opportunistic pathogen, frequently undergoes
rapid evolutionary changes during chronic lung infections,
complicating diagnosis and treatment. Current strain typing via
whole genome sequencing or selective culturing is costly and time-
intensive, and the complex relationship between genetic variations
and the resulting phenotype makes clinically relevant pathotypes
difficult to identify. Here, we report a cross-reactive, glycopolymer-
based fluorescent sensor array capable of directly identifying
phenotypic changes related to in-host evolution in P. aeruginosa.
The sensor array can accurately distinguish phenotypic variations arising from single-gene defects and discriminate clinical isolates
with known differences in their evolutionary and pathoadaptive trajectories. Notably, our system is also capable of identifying P.
aeruginosa isolates as distinct from other bacterial species commonly found in complex polymicrobial lung infections. Our modular
platform presents an opportunity to develop sensor arrays that target carbohydrate recognition in a variety of pathogens, offering
potential application as a rapid diagnostic tool to inform clinical treatment decisions based on the direct classification of phenotypic
profiles.
KEYWORDS: sensor arrays, differential sensing, glycopolymers, biosensing, bacterial evolution, pathoadaptation, bacterial virulence

Chronic bacterial infections present huge societal challenges,
reducing patient quality of life and placing significant pressures
on healthcare systems.1 In these cases, bacteria evade the initial
response of the host and remain present for extended periods
of time�in some cases through asymptomatic infections that
may contribute to the dissemination of disease and may be
subsequently reactivated within the host or through clinically
apparent symptomatic infection.2 During these prolonged
infections, bacteria may evolve within the host,3 leading to
persistent infections that are difficult to eradicate or manage.
This process of “pathoadaptation” leads to genotypic and
phenotypic changes in bacteria, such as altered protein
expression, gain or loss of virulence traits, or resistance to
antimicrobials, which is forecasted to contribute to 8.2 million
annual global deaths by 2050.4

Pseudomonas aeruginosa is typically associated with chronic
respiratory infections in people with cystic fibrosis (pwCF), an
autosomal recessive disorder affecting over 160 000 people
worldwide,5 where deficiencies in the innate immune response
lead to extreme vulnerability to lung infections, which severely
limit life expectancy (the median age at death of pwCF who
died in 2018 was 31 years).6 Hospital-acquired P. aeruginosa
infections are also a frequent cause of mortality for patients

undergoing mechanical ventilation.7 Initially, P. aeruginosa
typically displays a nonmucoid phenotype8 but rapidly evolves
to chronic infective pathotypes characterized by the formation
of mucoid alginate biofilms, production of adhesins, antibiotic
resistance, and characteristic “loss of function” mutations,
including loss of the O-antigen.9 These pathotypes are much
more difficult to eradicate with antibiotics,10 leading to
persistent, life-limiting infections.
Current strain-typing protocols are costly and time-intensive,

relying on selective culturing methods11 or whole genome
sequencing.12 While diversification within hosts is driven by
genetic changes and subsequent selection,13,14 the link between
genetic variation and the display of functionally different
pathotypes is not always clear. A recent longitudinal study
focusing on P. aeruginosa evolution within immunocompro-
mised patients’ lungs found that different genetic mutations
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can lead to the same pathoadaptation at the phenotypic level,15

making it difficult to predict pathotypes based solely on genetic
characteristics. A potential explanation for this observation is
that nearly 10% of the P. aeruginosa genome encodes
regulatory proteins,16 providing scope for large phenotypic
differences arising from small but significant genetic changes.
Therefore, the direct classification of evolving pathogen
genotypes based on their virulence characteristics or other
phenotypic properties could offer a more robust strategy for
rapid diagnostics and efficient treatment compared with
genomic information alone.
Many key events in the initiation and progression of

bacterial infections are underpinned by molecular recognition
at surfaces,17 including the attachment of bacteria to cellular
surfaces and their adhesion within biofilms.18 P. aeruginosa, like
many other bacteria, produces lectins that interact with
carbohydrate motifs displayed on epithelial surfaces and within
exopolysaccharide matrices produced during biofilm formation.
Several studies have highlighted variation in cellular glyco-
sylation patterns within pwCF, with the predominant display of
an asialylated derivative (aGM1) of the mammalian glycolipid
GM1 on the epithelial surface, resulting in increased levels of
fucose and decreased quantities of neuraminic acid.19−21 This
variation has been associated with differences in the ability of
P. aeruginosa to attach to epithelial surfaces via adhesins, a
crucial stage in the initial process of colonization. In
established infections, cellular surface recognition is likely to
be less important than attachment within the biofilm matrix, as
suggested by the frequent loss of lectin-bearing pili and flagella
within adapted pathotypes.22

While the importance of lectins in the establishment and
progression of bacterial infection renders them attractive
targets for the design of sensors and diagnostics, the
development of specific recognition motifs for lectins is
complicated by their typically low binding affinities for
complementary carbohydrates and their promiscuity in
carbohydrate recognition.17 The avidity of interactions can
be enhanced through the cluster glycoside effect, by attaching

multiple copies of the carbohydrate motif to a macromolecular
scaffold.17,23,24 The cross-reactivity in carbohydrate recognition
presents an opportunity to employ array-based sensing
methods25−29 for the identification of analytes. An array-
based approach has been used to screen phenotypic changes in
Staphylococcus aureus and Escherichia coli after exposure to
antibiotics.30 We recently demonstrated that arrays of
fluorescent glycopolymers can discriminate lectins and a
selection of pathogenic bacteria through differences in
carbohydrate recognition behaviour,24 encompassing a broad
range of bacteria including Salmonella enterica, Escherichia coli,
vancomycin-sensitive and -resistant strains of Enterococcus
faecium and P. aeruginosa strains PAO1 and PA14. The
extension of sensing capability from isolated lectins to bacteria
was expected, on account of the prevalence of lectins on
bacterial surfaces, and the importance of carbohydrate
recognition during infection.17 The discrimination of PAO1
and PA14 strains, representing P. aeruginosa of moderate and
severe virulence, however, was notable, and we decided to
explore the discrimination of P. aeruginosa isolates of different
virulence behaviors, with a view to developing a clinical tool to
identify problematic phenotypic changes over the course of
prolonged infections.
Here, we describe the synthesis and optimization of a

fluorescent glycopolymer sensor array that can discriminate P.
aeruginosa transposon insertion mutants that differ in their
virulence profiles due to mutations in genes associated with
several pathoadaptations. We also extend the discriminatory
power of the sensor array to differentiate a selection of clinical
P. aeruginosa CF-lung isolates representing different evolu-
tionary pathoadaptive trajectories, and to discriminate a subset
of P. aeruginosa CF-lung isolates from other common lung
pathogens frequently presented in polymicrobial infections of
the CF lung.

■ RESULTS AND DISCUSSION
The glycopolymers within our sensor array were constructed
on a conserved polymer backbone, P1, accessed via the

Scheme 1. Glycopolymer Synthesis and Carbohydrate Recognition Groups: (i) AIBN, 1,4-Dioxane, 70 °C, 2.5 h; (ii) 1,
Hexylamine, Et3N, TCEP, DMF, rt, 18 h; (iii) N2H4·H2O, DMF, 0 °C, 1 h; and (iv) 100 mM NaOAc, Aniline, pH 5.5, 50 °C,
18 h
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reversible addition-fragmentation chain transfer (RAFT)
polymerization of 2-hydroxyethyl acrylate (HEA) and M1,
an acrylate derivative bearing an oxime functionality (Scheme
1). P1 displayed a total degree of polymerization of 80,
comprising HEA andM1 in an approximately 1:1 ratio. Kinetic
analysis of the polymerization (ESI Section 1.2) demonstrated
that both monomers were incorporated at an approximately
equal rate, leading to a random copolymer. The ω-
trithiocarbonate unit was subjected to aminolysis to generate
a thiol, which was immediately reacted with a maleimide-
functionalized 4-amino-1,8-naphthalimide, 1, to generate a
fluorescent polymer scaffold, P2. The oxime units were then
treated with hydrazine hydrate to yield a polymer with pendant
acylhydrazide functionalities (P3), which were used to install
multiple copies of one of ten reducing sugars, generating an
array of glycopolymers expected to interact to varying extents
with P. aeruginosa surface determinants.
We first chose to investigate the ability of the sensor array to

discriminate a selection of engineered P. aeruginosa transposon
insertion mutants in vitro, with known genetic differences in
selected pathoadaptive genes (Table 1). From a library of

transposon-insertion mutant strains maintained by Held et
al.,31 we selected a subset of mutants that display defects in
genes associated with virulence: lectin production (PA2570,
ΔlecA), alginate biosynthesis (PA3542, Δalg44), regulatory
protein expression (PA4856, ΔretS), and twitching motility
(PA4959, Δf imX), as well as PAO1,16 representing the
complete genome prior to transposon-insertion mutation.
Full experimental procedures for the assessment of array
response to bacterial addition are available in the ESI (Section
2.1). Briefly, bacteria were grown to saturation (stationary
phase) from glycerol stocks in nutrient-rich medium, and then
cells were isolated by centrifugation and resuspended in an
equivalent volume of phosphate-buffered saline (PBS) at pH
7.4.
Emission spectra were recorded for each receptor within the

array (5.0 μM, PBS pH 7.4, 6 replicates), before and after the
addition of bacterial suspensions (10 μL aliquot). The
integrated emission intensity was used to calculate relative
changes in fluorescence emission for each glycopolymer (I/I0).
The effect of dilution was accounted for by adding an
equivalent volume of buffer to each receptor in the array and
dividing receptor I/I0 values by the mean change in the
emission intensity for each receptor upon dilution. Upon
addition of bacteria to glycopolymers, increases in emission
intensity of up to 2-fold were observed with no significant
change in emission maximum (Figure 1A,B). 4-Amino-1,8-
naphthalimides are highly sensitive to the polarity of their
surrounding microenvironment,37,38 with enhanced emission
in nonpolar media. We propose that upon the binding of
glycopolymers to the bacterial surface, the naphthalimide unit
resides in a less polar environment than the surrounding
aqueous medium, leading to increased emission intensity.
The resulting dataset was interrogated using linear

discriminant analysis (LDA),39 a multivariate statistical tool
that analyzes the variance within the dataset and constructs a

Table 1. P. aeruginosa Genes and Associated Functions

Gene
Associated
pathway Function Ref(s)

lecA LecA
production

LecA is involved in adhesion to host
cells via galactose-terminated glycans

32

f imX Twitching
motility

Regulation of twitching motility in
response to environmental cues

33

alg44 Alginate
biosynthesis

Alginate is a structurally important
polysaccharide in biofilms

34

retS Regulatory
protein
expression

Modulates phage resistance, biofilm
formation, and type IV pili function

35,36

Figure 1. (A) Heat map of fluorescence emission changes for each glycopolymer and bacterial replicate, with dendrograms produced through
hierarchical cluster analysis (HCA) of glycopolymer responses to transposon mutants. (B) Representative example of a change in fluorescence
emission intensity (λex = 450 nm) upon addition of mutant ΔretS to P3-GlcNAc. (C) Canonical LDA score plot for the analysis of transposon
mutants performed in sextuplicate (5.0 μM receptors, pH 7.4). (D) Canonical LDA score plot for the analysis of transposon mutants performed in
sextuplicate (5.0 μM receptors, pH 7.4) with a simplified array of glycopolymers, consisting of P3-Glc, P3-GlcNAc, P3-Neu5Ac, and P3-Neu5Gc.
100% of original grouped cases were correctly classified, and 100% of cross-validated grouped cases were correctly classified.
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model that categorizes data points using a combination of
linear discriminant functions that describe the responses of the

glycopolymers to each analyte. The resulting algorithm can be
used to assign unknown analytes to one of these categories.

Figure 2. (A) Heat map of fluorescence emission changes for each glycopolymer and replicate with dendrograms produced through hierarchical
cluster analysis (HCA) of glycopolymer responses to Pseudomonas aeruginosa clinical CF-lung isolates. (B) Canonical LDA score plots for functions
1 & 2 and (C) functions 1 & 3 for the analysis of clinical isolates of known evolutionary lineage performed in sextuplicate (5.0 μM receptors, pH
7.4). 100% of original grouped cases were correctly classified and 94% of cross-validated grouped cases were correctly classified. (D) Canonical
LDA score plots for functions 1 & 2, and (E) functions 1 & 3 for the analysis of clinical isolates of known evolutionary lineage performed in
sextuplicate (5.0 μM receptors, pH 7.4) with a simplified array of glycopolymers, consisting of P3-Lac, P3-Mal, P3-GalNAc, and P3-Neu5Gc.
100% of original grouped cases were correctly classified, and 97% of cross-validated grouped cases were correctly classified.
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LDA enabled effective discrimination of the mutants, as shown
graphically (Figure 1C), with 100% of the variance accounted
for by the first and second linear discriminant functions. This
analysis enabled classification of the mutants with 100%
accuracy. The variance between each pair of clusters identified
by LDA was demonstrated to be of statistical significance by
PERMANOVA40 (Adonis2) (ESI Table S6). The predictive
power of the model was confirmed using a “leave-one-out”
validation procedure, whereby each data point is systematically
excluded from the training set, and the linear discriminant
functions calculated using the rest of the data are used to
determine its identity. Mutants were identified with a high
degree of accuracy (93%) with two discrepancies arising from
mutual misclassification of the Δf imX mutant to the Δalg44
mutant (ESI Table S7). To further evaluate the predictive
ability of the sensor array, the data set was then divided into
“training” (4 replicates per analyte) and “unknown” (2
replicates per analyte) datasets (ESI Section 2.7). The
“training” dataset was used to construct an LDA algorithm,
which was used to assign the “unknown” data points. The
“unknown” analytes were assigned with 100% accuracy (Table
S10).
To assess the ability of the sensor array to identify bacterial

analytes at different effective concentrations, PAO1 was grown
to saturation and resuspended in PBS at pH 7.4, as previously
described, before these suspensions were further diluted by
factors of 1 in 2 and 1 in 4 (ESI Section 2.9). These
suspensions were exposed to glycopolymers within the sensor
array, as previously described, and assigned as “unknown”
analytes using the scoring algorithm established by LDA
(Figure 1C, Table S5). In all cases, analytes were scored as
PAO1 (Table S13, Figure S5).
To assess whether equivalent discrimination could be

achieved using a smaller number of glycopolymers, hierarchical
cluster analysis (HCA) was used to identify glycopolymers
providing similar response profiles. HCA is a statistical
clustering technique that groups data points in a stepwise
process based on identifying dissimilarity within the dataset,
represented graphically as a dendrogram (Figure 1A). The
elimination of glycopolymers displaying similar response
profiles allowed us to reduce the number of receptors required
for discrimination to four glycopolymers: P3-Glc, P3-GlcNAc,
P3-Neu5Ac, and P3-Neu5Gc. Subsequent LDA conducted
with these four glycopolymers still enabled discrimination of
the selected transposon mutants with 100% accuracy (Figure
1D). In a “leave-one-out” validation procedure, mutants were
assigned to their groups with 100% accuracy (ESI Table S8),
presenting an improvement in predictive performance
compared to the complete array of 10 glycopolymers. The
hold-out validation procedure described above was repeated,
resulting in the assignment of “unknown” analytes with 100%
accuracy. This increase in validation scores, while initially
unexpected, may reflect that removing the effects of
duplication in sensor responses simplifies the features within
the dataset that can provide discrimination.41

Notably, neuraminic acid-decorated glycopolymers P3-
Neu5Ac and P3-Neu5Gc contribute significantly to the
discriminatory power of the sensor array, as indicated by
HCA (Figure 1) and PCA loading plots (Figure S4). This
observation may reflect the importance of neuraminic acids in
cellular recognition,42 accounting for a large proportion of the
mammalian glycocalyx, with implications for numerous
processes of microbial pathogenesis. Alternatively, this

behavior may arise as a consequence of the inherent features
of the neuraminic acid glycopolymers. Conjugation efficiencies
for Neu5Ac and Neu5Gc were noted to be lower than those
for other carbohydrates, resulting in their presence in lower
proportions on the polymer backbone (Table S2). This feature
may present opportunities for discrimination arising from
complementary, less-specific interactions, such as electrostatic
effects, in addition to protein−carbohydrate recognition. P3-
Neu5Ac and P3-Neu5Gc are additionally distinct from other
glycopolymers in the sensor array in that they are multiply
negatively charged, and this difference in electrostatics is likely
to amplify the increase in the emission of the naphthalimide
probe upon recognition of cell-surface proteins, as the net
change in polarity of the medium surrounding the fluorophore
upon binding will be greater.37

Analytes discriminated by the sensor array display limited
genetic differences from one another. Each transposon mutant
differs from the reference PAO1 strain by ISlacZ/hah or
ISphoA/hah transposon insertion31 in a single gene, disrupting
the open reading frames corresponding to the production of a
protein associated with a virulence factor or signaling pathway.
The effective discrimination of mutants that are genetically
similar, yet display different virulence traits, suggests that
glycopolymer sensing arrays could find utility in identifying
pathoadaptive traits in clinical isolates of P. aeruginosa obtained
directly from pwCF.16

From a library of clinical P. aeruginosa isolates obtained
during a long-term study on pwCF by Johansen et al.,43 we
chose five genetically distinct clinical isolates belonging to
different “DK” lineages (Pa80 representing DK09, Pa427
representing DK15, Pa202 representing DK28, Pa209
representing DK29, Pa247 representing DK32). These isolates
represent different stages of pathoadaptation according to the
duration of the infection (0−5.5 years) and are known to
display significant genetic and phenotypic differences, having
independent evolutionary histories within different patients,
and having previously been categorized into distinct
genotypes.43 The isolate representing the genotype DK09
was identified as having a recent mutation in the retS gene,
unique among the clinical isolates we tested, which encodes a
regulatory protein we previously identified as a key driver of
phenotypic changes.43 pilQ, a gene responsible for trans-
membrane passage of type IV pili via the PilQ secretin, had
undergone mutation in the DK15 and DK32 samples.44

Changes to the surface composition of type IV pili may alter
glycan-binding properties by affecting the interactions of pili-
associated lectins.
Isolates were cultured in nutrient-rich medium and exposed

to glycopolymers as detailed previously, resulting in changes to
the emission intensity of the naphthalimide probe (Figure 2A),
with quenching of emission observed in some cases, in
addition to increases in emission intensity, as observed
previously. LDA of the changes in emission of the
glycopolymers upon exposure to the isolates enabled effective
discrimination of the isolates with 100% accuracy, as shown
graphically (Figure 2B,C). In this case, 91% of variance within
the dataset could be explained by a combination of the first
two linear discriminant functions, F1 and F2, accounting for
65% and 26% of variance, respectively (Figure 2B). There was
also a non-insignificant contribution to the variance arising
from a third function, F3 (6%) (Figure 2C). In a leave-one-out
validation assessment, the bacteria were classified with 100%
accuracy (ESI Table S19). When the data was split into
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“training” and “unknown” datasets and assessed as previously
described (ESI Section 3.7), the “unknown” analytes were
assigned with 90% accuracy, with a single misclassification of a
DK32 analyte to DK28 (Table S22). The scoring algorithm
established via LDA of this dataset (Figure 2, Table S17) was
used to assign diluted suspensions of PAO1, prepared as
described earlier. In all cases, analytes were scored as PAO1
(Table S25, Figure S8). Evolution toward decreased virulence
but increased drug resistance has been shown to take place
during the course of P. aeruginosa infection, most significantly
during the initial 2−3 years of infection.15,43 In LDA analysis,
strains sampled earliest in their infection (corresponding with
genotypes DK15 and DK28, sampled at first appearance within
patient) were more clearly separated from more established
strains, which were grouped more closely together (corre-
sponding to DK09, DK29, and DK32 sampled at 1.8, 3.5, and
5.5 years after the first detection of the genotype, respectively).
This observation may be consistent with a changing phenotype
over time that becomes harder to differentiate as the different
bacterial genotypes converge, a hypothesis we intend to
examine in detail in a future study. HCA (Figure 2A) and PCA
(Figure S7) were again used to find combinations of
glycopolymers with similar response profiles, with the aim of
reducing the number of sensors required to provide effective
discrimination. Again, this analysis enabled the simplification
of the array to just four glycopolymers: P3-Lac, P3-Mal, P3-
GalNAc, and P3-Neu5Gc. Subsequent LDA conducted with
these glycopolymers enabled discrimination of the selected
isolates with 100% accuracy (Figure 2D,E). Again, utilizing a
“leave-one-out” validation procedure, isolates were assigned to
their groups with 97% accuracy, with a single discrepancy
arising from misclassification of DK32 as DK28 (Table S20).
The glycopolymers identified as core to driving discrimination
were not entirely identical to those identified as key to
discrimination of transposon mutants, although some recog-
nition elements are conserved. Interestingly, of the two
neuraminic acid functionalized glycopolymers included within

the complete array, P3-Neu5Gc was demonstrated to
contribute more to discrimination than P3-Neu5Ac. N-
acetylneuraminic acid (Neu5Ac) is displayed on human cell
surfaces and is known to play a key role as a cellular
recognition element and in the evasion of host immune
mechanisms, while N-glycolylneuraminic acid (Neu5Gc) is an
analogue which is displayed on cell surfaces of other
mammalian cells.42 Within pwCF, however, epithelial display
of Neu5Ac is reduced as a consequence of display of the
asialylated GM1 derivative aGM1.19 Moreover, in persistent
lung infections, the environment immediately surrounding a
bacterium is likely to be dominated by the biofilm: bacteria are
primarily exposed to exopolysaccharides and other bacteria,
rather than the mammalian epithelial surface itself. P3-Lac and
P3-Mal present terminal galactose and glucose units,
respectively, which are displayed within P. aeruginosa
exopolysaccharide.45

The ability to rapidly discriminate P. aeruginosa strains of
different, clinically relevant evolutionary lineages would
present a major advantage for the monitoring of persistent
infections, enabling improved clinical decision-making. P.
aeruginosa infections within immunocompromised patients,
however, are typically a single component of a complex,
multispecies infection,46,47 although P. aeruginosa is generally
considered to be responsible for the majority of irreversible
lung tissue damage.48 We therefore assessed the ability of the
array to identify P. aeruginosa pathotypes among a selection of
other bacteria typically present within the CF lung: Staph-
ylococcus aureus, Serratia spp., and Stenotrophomonas malto-
philia. S. aureus is a Gram-positive bacterial pathogen, which is
frequently implicated in polymicrobial respiratory infections in
pwCF.49 S. maltophilia is also commonly coidentified in pwCF
colonized with P. aeruginosa50,51 and may transition to a similar
mucoid phenotype to that displayed by P. aeruginosa. S.
maltophilia isolates have been misidentified as Pseudomonas,52

with selective culturing methods or metabolic studies
developed to enable identification.11 Serratia spp. is a Gram-

Figure 3. (A) Canonical LDA score plots for functions 1 & 2 and (B) functions 1 & 3 for the analysis of lung pathogens performed in sextuplicate
(5.0 μM receptors, pH 7.4). 100% of original grouped cases were correctly classified with 96% of cross-validated grouped cases correctly classified.
(C) Territorial map with LDA scores for P. aeruginosa CF-lung isolates, including a control and several lung pathogens (Serratia spp., Staphylococcus
aureus, and Stenotrophomonas maltophilia), unknown to the LDA model (5.0 μM receptors, pH 7.4). A partial 3D plot showing the third scoring
function, F3, is supplied in the ESI (Figure S9).
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negative bacterium which is increasingly implicated in hospital-
acquired infections, including respiratory infections in
immunocompromised patients.53

The ability of the sensor array to discriminate these lung
pathogens was first established by comparing the array’s
response to S. aureus, S. maltophilia, Serratia, and PAO1 as a
representative P. aeruginosa isolate. Using the same exper-
imental procedure as previously employed, lung pathogens
were grown in nutrient-rich medium before resuspension in an
equivalent amount of buffer. Glycopolymers within the array
(5.0 μM, 6 replicates) were then exposed to the bacteria (10
μL aliquots), and LDA of the changes in emission of the
probes upon exposure to the isolates (I/I0) enabled effective
discrimination of each genus with 100% accuracy (Figure
3A,B). “Leave-one-out” cross-validation showed classification
of each species with 92% accuracy, with two mutual
misclassifications of S. maltophilia and S. aureus (ESI Table
S31). Data were subsequently split into “training” and
“unknown” datasets and assessed as previously described
(ESI Section 4.6). In this case, the “unknown” analytes were
assigned with 88% accuracy, with a single misclassification of S.
aureus to S. maltophilia (Table S33). The discriminatory power
of the sensor array at varying effective concentrations of
analytes was again probed using “unknown” analytes consisting
of PAO1 grown to saturation, resuspended in PBS, and diluted
by factors of 1 in 2 and 1 in 4 as previously described. Upon
scoring with the algorithm generated by LDA (Figure 3A,B;
Table S29), these analytes were identified as S. maltophilia
(Table S35), highlighting a limitation of the array in
identifying analytes at varying effective concentrations. This
difficulty likely arises because the changes in naphthalimide
emission observed upon exposure to the range of pathogens
are smaller than those observed upon exposure to P. aeruginosa
analytes, rendering pattern recognition more challenging. This
difference in response reflects the design principles of our
sensor array: to best enable discrimination of P. aeruginosa-
strains we have focused on incorporating carbohydrate−
protein interactions that are important within the evolutionary
trajectory of this pathogen. In order to improve the sensor
array’s ability to discriminate different respiratory pathogens at
different effective concentrations, the receptor pool should be
widened to encompass other respiratory disease-relevant
processes of molecular recognition to elicit a greater response
upon exposure to analytes.
To explore the predictive power of the glycopolymer sensor

array in identifying P. aeruginosa isolates as distinct from other
lung pathogens, a training dataset was constructed using the
response of the complete array to the P. aeruginosa clinical
isolates tested above (DK09, DK15, DK28, DK29, DK32),
PAO1, and a “control” sample consisting of an aliquot of PBS
buffer. LDA analysis of this dataset was used to construct a
scoring algorithm, which was used to assign the lung pathogen
analytes to the most relevant category. The three lung
pathogens were all subsequently classified within the “control”
group (18/18), with score functions located within the
boundaries of this category (Figure 3C; Figure S9). This
analysis demonstrates that the glycopolymer sensor array can
identify a bacterial infection as either P. aeruginosa or an
alternative pathogen, in addition to enabling the discrimination
of common CF lung pathogens and of P. aeruginosa mutants.

■ CONCLUSIONS
We have described a glycopolymer sensor array comprising a
conserved polymer scaffold, 10 carbohydrate recognition
motifs, and a fluorescent reporting group, which can identify
phenotypic variation in virulence profiles within P. aeruginosa,
an opportunistic pathogen associated with persistent respira-
tory infections in immunocompromised patients. The sensor
array can identify transposon-insertion mutants with differ-
ences in genes associated with pathoadaptive traits, including
adhesin production, alginate biosynthesis, and motility. The
sensor array was also demonstrated to classify clinical isolates
of P. aeruginosa representing different evolutionary lineages,
displaying different degrees of pathoadaptation and virulence
traits. Through detailed statistical analysis of the array’s
response, the number of sensors required to achieve effective
discrimination can be reduced to just four, streamlining the
process of identification and presenting a route to multiplexed
combinations of sensors.
Our sensor array was also shown to be capable of identifying

P. aeruginosa isolates as distinct from other, similar bacteria
commonly associated with persistent infections in pwCF�an
important distinction considering that P. aeruginosa is thought
to be responsible for the majority of irreversible tissue damage
in polymicrobial infections.48 This system could provide the
underpinning technology for the development of diagnostic
platforms to discriminate P. aeruginosa pathotypes and identify
virulence features within complex polymicrobial infections,
informing treatment decisions. Moreover, given the ubiquity of
carbohydrate recognition processes within many key processes
of disease, our modular design presents a route to the
development of glycopolymer sensor arrays for a host of other
bacterial or viral pathogens.
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Kozelkova, M. E. A practical approach to optical cross-reactive sensor
arrays. Chem. Soc. Rev. 2010, 39 (10), 3954−3979.
(30) Basu Roy, S.; Nabawy, A.; Chattopadhyay, A. N.; Geng, Y.;
Makabenta, J. M.; Gupta, A.; Rotello, V. M. A Polymer-Based
Multichannel Sensor for Rapid Cell-Based Screening of Antibiotic
Mechanisms and Resistance Development. ACS Appl. Mater. Interfaces
2022, 14 (23), 27515−27522.
(31) Held, K.; Ramage, E.; Jacobs, M.; Gallagher, L.; Manoil, C.
Sequence-Verified Two-Allele Transposon Mutant Library for
Pseudomonas aeruginosa PAO1. J. Bacteriol. 2012, 194 (23), 6387−
6389.
(32) Chemani, C.; Imberty, A.; de Bentzmann, S.; Pierre, M.;
Wimmerová, M.; Guery, B. P.; Faure, K. Role of LecA and LecB
Lectins in Pseudomonas aeruginosa-Induced Lung Injury and Effect of
Carbohydrate Ligands. Infect. Immun. 2009, 77 (5), 2065−2075.
(33) Huang, B.; Whitchurch, C. B.; Mattick, J. S. FimX, a
multidomain protein connecting environmental signals to twitching
motility in Pseudomonas aeruginosa. J. Bacteriol. 2003, 185 (24),
7068−7076.
(34) Remminghorst, U.; Rehm, B. H. A. Alg44, a unique protein
required for alginate biosynthesis in Pseudomonas aeruginosa. FEBS
Lett. 2006, 580 (16), 3883−3888.
(35) Xuan, G.; Lin, H.; Li, X.; Kong, J.; Wang, J. RetS Regulates
Phage Infection in Pseudomonas aeruginosa via Modulating the GacS/
GacA Two-Component System. J. Virol. 2022, 96 (8), No. e0019722.
(36) Ventre, I.; Goodman, A. L.; Vallet-Gely, I.; Vasseur, P.; Soscia,
C.; Molin, S.; Bleves, S.; Lazdunski, A.; Lory, S.; Filloux, A. Multiple
sensors control reciprocal expression of Pseudomonas aeruginosa
regulatory RNA and virulence genes. Proc. Natl. Acad. Sci. U. S. A.
2006, 103 (1), 171−176.
(37) Duke, R. M.; Veale, E. B.; Pfeffer, F. M.; Kruger, P. E.;
Gunnlaugsson, T. Colorimetric and fluorescent anion sensors: an
overview of recent developments in the use of 1,8-naphthalimide-
based chemosensors. Chem. Soc. Rev. 2010, 39 (10), 3936−3953.
(38) Leslie, K. G.; Jacquemin, D.; New, E. J.; Jolliffe, K. A.
Expanding the Breadth of 4-Amino-1,8-naphthalimide Photophysical
Properties through Substitution of the Naphthalimide Core. Chem.
Eur. J. 2018, 24 (21), 5569−5573.
(39) Dougherty, G. Pattern Recognition and Classification: an
Introduction; Springer: New York, 2013.
(40) Anderson, M. J.Permutational Multivariate Analysis of Variance
(PERMANOVA)Wiley Statsref: Statistics Reference OnlineJohn Wiley
& Sons, Ltd.Hoboken, NJ20171−15
(41) Palacios, M. A.; Wang, Z.; Montes, V. A.; Zyryanov, G. V.;
Anzenbacher, P. Rational Design of a Minimal Size Sensor Array for
Metal Ion Detection. J. Am. Chem. Soc. 2008, 130 (31), 10307−
10314.
(42) Varki, A.; Gagneux, P. Multifarious roles of sialic acids in
immunity. Ann. N. Y. Acad. Sci. 2012, 1253 (1), 16−36.
(43) Marvig, R. L.; Sommer, L. M.; Molin, S.; Johansen, H. K.
Convergent evolution and adaptation of Pseudomonas aeruginosa
within patients with cystic fibrosis. Nat. Genet. 2015, 47 (1), 57−64.
(44) Tammam, S.; Sampaleanu, L. M.; Koo, J.; Manoharan, K.;
Daubaras, M.; Burrows, L. L.; Howell, P. L. PilMNOPQ from the
Pseudomonas aeruginosa type IV pilus system form a transenvelope
protein interaction network that interacts with PilA. J. Bacteriol. 2013,
195 (10), 2126−2135.
(45) Myszka, K.; Czaczyk, K. Characterization of Adhesive
Exopolysaccharide (EPS) Produced by Pseudomonas aeruginosa
Under Starvation Conditions. Curr. Microbiol. 2009, 58 (6), 541−546.
(46) Filkins, L. M.; O’Toole, G. A. Cystic Fibrosis Lung Infections:
Polymicrobial, Complex, and Hard to Treat. PLoS Pathog. 2015, 11
(12), No. e1005258.
(47) Bottery, M. J.; Johansen, H. K.; Pitchford, J. W.; Friman, V.-P.
Co-occurring microflora and mucin drive Pseudomonas aeruginosa
diversification and pathoadaptation. ISME Commun. 2024, 4 (1),
ycae043.

(48) Bhagirath, A. Y.; Li, Y.; Somayajula, D.; Dadashi, M.; Badr, S.;
Duan, K. Cystic fibrosis lung environment and Pseudomonas
aeruginosa infection. BMC Pulm. Med. 2016, 16 (1), 174.
(49) Goss, C. H.; Muhlebach, M. S. Staphylococcus aureus and
MRSA in cystic fibrosis. J. Cyst. Fibros. 2011, 10 (5), 298−306.
(50) Dalbøge, C. S.; Hansen, C. R.; Pressler, T.; Høiby, N.;
Johansen, H. K. Chronic pulmonary infection with Stenotrophomonas
maltophilia and lung function in patients with cystic fibrosis. J. Cyst.
Fibros. 2011, 10 (5), 318−325.
(51) Bottery, M. J.; Matthews, J. L.; Wood, A. J.; Johansen, H. K.;
Pitchford, J. W.; Friman, V.-P. Inter-species interactions alter
antibiotic efficacy in bacterial communities. ISME J. 2022, 16 (3),
812−821.
(52) Burdge, D. R.; Noble, M. A.; Campbell, M. E.; Krell, V. L.;
Speert, D. P. Xanthomonas maltophilia Misidentified as Pseudomonas
cepacia in Cultures of Sputum from Patients with Cystic Fibrosis: A
Diagnostic Pitfall with Major Clinical Implications. Clin. Infect. Dis.
1995, 20 (2), 445−448.
(53) European Centre for Disease Prevention and Control.
Healthcare-associated infections acquired in intensive care units - Annual
Epidemiological Report for 2020; European Centre for Disease
Prevention and Control, 2024.

ACS Sensors pubs.acs.org/acssensors Article

https://doi.org/10.1021/acssensors.5c03694
ACS Sens. XXXX, XXX, XXX−XXX

I

https://doi.org/10.1039/b926220m
https://doi.org/10.1039/b926220m
https://doi.org/10.1021/acsami.2c07012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c07012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c07012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1128/JB.01479-12
https://doi.org/10.1128/JB.01479-12
https://doi.org/10.1128/IAI.01204-08
https://doi.org/10.1128/IAI.01204-08
https://doi.org/10.1128/IAI.01204-08
https://doi.org/10.1128/JB.185.24.7068-7076.2003
https://doi.org/10.1128/JB.185.24.7068-7076.2003
https://doi.org/10.1128/JB.185.24.7068-7076.2003
https://doi.org/10.1016/j.febslet.2006.05.077
https://doi.org/10.1016/j.febslet.2006.05.077
https://doi.org/10.1128/jvi.00197-22
https://doi.org/10.1128/jvi.00197-22
https://doi.org/10.1128/jvi.00197-22
https://doi.org/10.1073/pnas.0507407103
https://doi.org/10.1073/pnas.0507407103
https://doi.org/10.1073/pnas.0507407103
https://doi.org/10.1039/b910560n
https://doi.org/10.1039/b910560n
https://doi.org/10.1039/b910560n
https://doi.org/10.1002/chem.201705546
https://doi.org/10.1002/chem.201705546
https://doi.org/10.1002/9781118445112.stat07841
https://doi.org/10.1002/9781118445112.stat07841
https://doi.org/10.1021/ja802377k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja802377k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1111/j.1749-6632.2012.06517.x
https://doi.org/10.1111/j.1749-6632.2012.06517.x
https://doi.org/10.1038/ng.3148
https://doi.org/10.1038/ng.3148
https://doi.org/10.1128/JB.00032-13
https://doi.org/10.1128/JB.00032-13
https://doi.org/10.1128/JB.00032-13
https://doi.org/10.1007/s00284-009-9365-3
https://doi.org/10.1007/s00284-009-9365-3
https://doi.org/10.1007/s00284-009-9365-3
https://doi.org/10.1371/journal.ppat.1005258
https://doi.org/10.1371/journal.ppat.1005258
https://doi.org/10.1093/ismeco/ycae043
https://doi.org/10.1093/ismeco/ycae043
https://doi.org/10.1186/s12890-016-0339-5
https://doi.org/10.1186/s12890-016-0339-5
https://doi.org/10.1016/j.jcf.2011.06.002
https://doi.org/10.1016/j.jcf.2011.06.002
https://doi.org/10.1016/j.jcf.2011.03.006
https://doi.org/10.1016/j.jcf.2011.03.006
https://doi.org/10.1038/s41396-021-01130-6
https://doi.org/10.1038/s41396-021-01130-6
https://doi.org/10.1093/clinids/20.2.445
https://doi.org/10.1093/clinids/20.2.445
https://doi.org/10.1093/clinids/20.2.445
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.5c03694?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

