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Colorimetric point-of-care diagnostic to monitor
Enterococcus faecalis causing urinary
tract infection
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Urinary tract infections (UTls) are among the most common bacterial infections, affecting approximately
150 million people worldwide each year. Currently, diagnosis is often made using culture-based
methods, which are time-consuming and therefore costly. Point-of-care (POC) devices have the
potential to provide a rapid and accurate UTI diagnosis, thereby improving treatment efficacy. In this
work, we developed a fast, specific, and accurate colorimetric sensor capable of indirectly detecting
Enterococcus faecalis in urine samples by targeting its metabolite, L-lactate. The sensing probe consists
of silica nanoparticles (SNP) loaded with MnO, (MnSNP), functionalised on the surface with the enzyme
lactate oxidase (Lac@MnSNP). The sensor enables both qualitative analysis — through a visible colour
change — and quantitative analysis, using spectroscopy. The morphology and composition of the probe
were characterised at each synthesis step, confirming that the incorporation of MnO, into SNP and sub-
sequent enzyme functionalisation did not alter nanoparticle morphology. Lac@MnSNP demonstrated
responsiveness to L-lactate, showing a linear decrease in signal up to 50 uM of the analyte, with a limit
of detection of 31 uM. The probe successfully detected E. faecalis in artificial urine medium and in
complex samples at concentrations as low as 10° CFU mL™! within 5 h. These results demonstrate the
potential of this probe for fast, accurate, and lactate-specific diagnoses.

evidence of infection, contributing to the rise in antimicrobial
resistance (AMR).?

Urinary tract infections (UTIs) are among the most prevalent
bacterial infections, affecting approximately 150 million people
globally each year, with a particularly high incidence in
women." UTIs are also common in catheterised patients, where
they can potentially prolong hospitalisation and contribute to
an estimated annual societal cost of $3.5 billion in the United
States alone. UTIs are associated with considerable morbidity,
particularly in individuals with underlying comorbidities or
those who are immunocompromised.’

Clinical diagnosis of UTIs relies on urine culture, which
enables the identification of the causative bacterial pathogen.
However, as culture-based methods are often time-consuming,
antimicrobial treatments are often prescribed without clear
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Point-of-care (POC) devices offer substantial advantages
over conventional diagnostic methods by enabling rapid and
accurate diagnosis, which in turn supports timely and appro-
priate treatment. According to the World Health Organization
(WHO), effective POC diagnostics should meet the ASSURED
criteria: affordable, sensitive, specific, user-friendly, rapid and
robust, equipment-free, and derivable to end-users.* A widely
used POC device commercially available for UTI diagnosis is
the dipstick assay. Dipsticks enable rapid, routine qualitative
analysis of urine samples, typically through colorimetric
changes that indicate parameters such as pH.> For more
advanced, multisensing quantitative analysis, larger strip-
based instruments - such as the Urisys 1100® Urine Analyzer
or the LAURA® Semi-Automated Urine Strip Reader - are
utilised. Despite the accessibility and ease of use, urine test
strips have notable limitations in terms of detection range
and sensitivity. They typically assess physical and chemical
properties of urine (e.g. pH), which are not directly indicative
of bacterial infection. As a result, they are more suitable for
preliminary screening rather than definitive diagnosis.®
Furthermore, urinary composition can be influenced by
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metabolic, molecular, and genetic factors, potentially leading
to misleading or inconclusive results’.

Consequently, clinical practice continues to rely on
laboratory-based techniques for bacterial identification and
antimicrobial susceptibility testing. While these methods are
accurate, they are time-consuming and delay the initiation of
targeted treatment, thereby contributing to the spread of AMR.?

Given the substantial socioeconomic burden of UTIs and
their contribution to the development of AMR, there is an
urgent need to develop advanced POC diagnostic tools that
enable rapid, accurate, and pathogen-specific detection to
guide prompt and effective treatment. The POC device currently
used, the dipstick, uses pH as a biomarker for the identification
of UTI. However, pH is not necessarily correlated with infec-
tion. For a more accurate diagnosis, a POC device should be
able to target bacterial-related biomarkers. Although UTIs can
be caused by multiple bacterial species, E. faecalis is an
important cause in certain patient groups, such as those with
catheter-associated or complicated UTIs.> E. faecalis is a com-
mensal, t-lactate-producing bacterium commonly found in the
gastrointestinal tract, but it can become opportunistic when it
colonises other organs, leading to infections such as UTIs. Its
ability to form biofilms make these infections particularly
difficult to treat, especially in catheterised patients, often
resulting in a chronic infection.®® Moreover, due to its ability
to develop AMR and multidrug-resistance, E. faecalis is listed in
the “WHO Bacterial Priority Pathogens List (2024)” and is
recognised as the third leading cause of nosocomial
infections.'*™"*

L-Lactate is a versatile biomarker widely used in prognostic,
diagnostic, and monitoring tools across a range of clinical
conditions (e.g. infectious diseases, sepsis, trauma, and peri-
natal conditions)"® and physiological states (e.g. monitoring
athletic fatigue and workload).’®"” 1-Lactate-based sensors are
most commonly designed for health monitoring applications,
being also designed for food applications. Several POC devices
for lactate testing are already commercially available, and they
typically rely on colorimetric pH-based detection, since lactate
accumulation leads to acidification of physiological fluids."®"°
A more detailed review about lactate-based sensors can be
found in ref. 15, 16, 20 and 21.

Colorimetric sensors offer several advantages for POC diag-
nostics, including a visible colour change that can be detected
by the naked eye. These sensors are simple, specific, and
sensitive, supporting the development of rapid, cost-effective,
user-friendly, and affordable diagnostic tools that do not
require complex or expensive equipment.”>>° Direct detection
of r-lactate has also been achieved using a limited number of
recently commercialised electrochemical devices.””® These
systems, which directly target r-lactate via enzymatic reactions,
are widely used in clinical settings due to their rapid turn-
around time and ease of use. However, a key limitation is the
relatively high limit of detection (LOD), typically in the milli-
molar (mM) range, which restricts their applicability in diag-
nostic contexts that require detection in the micromolar (uM)
range.>”?
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In this work, we developed a rapid and cost-efficient colour-
based detection mechanism for the indirect identification of
E. faecalis in urine samples, by targeting its metabolic by-
product, i-lactate. The sensing probe (Lac@MnSNP) consists
of silica nanoparticles loaded with manganese dioxide (MnSNP)
and functionalised with the enzyme lactate oxidase. In the
presence of r-lactate — produced by E. faecalis - a cascade of
enzymatic reactions is triggered, leading to the accumulation of
hydrogen peroxide (H,0,). This accumulation reduces MnO, to
MnO/Mn*", resulting in a visible colour change in the suspen-
sion from brownish to colourless. In addition to qualitative
detection by the naked eye, the reduction of MnO, can be
quantitatively monitored by measuring the decrease in absor-
bance at 400 nm. The probe was characterised at each stage of
synthesis in terms of morphology, composition, and sensitivity
to both r-lactate and E. faecalis. The sensor presented here
offers a simple, user-friendly, and affordable POC diagnostic
tool, with the potential to enable advanced, bacteria-specific
detection for accurate diagnosis of UTIs caused by E. faecalis.

Results and discussion

The colorimetric sensor probe developed for the detection of
lactate-producing bacteria, such as E. faecalis, is based on
manganese dioxide nanoparticles (MnO,) embedded within
silica nanoparticles (MnSNP). The surface of these composite
particles is subsequently functionalised with the enzyme lactate
oxidase (Lac@MnSNP). The detection mechanism is illustrated
in Fig. 1(A).

t-Lactate, released by the bacteria as a metabolic by-product
of glucose fermentation, is oxidised by lactate oxidase on the
surface of Lac@MnSNP. This enzymatic reaction produces
H,0,, which subsequently reacts with the MnO, embedded
within the silica core. The reduction of MnO, to MnO/Mn>*"
results in the loss of the characteristic brown colour and the
dissolution of the MnO, particles. The visible discolouration of
the suspension serves as an indirect indicator of the presence
of E. faecalis in urine, suggesting a potential UTIL.

The sensor is based on two essential components: (i) lactate
oxidase, which serves as the sensing element by specifically
recognising the target analyte r-lactate, a product of bacterial
carbohydrate metabolism; and (ii) MnO, nanoparticles, which
function as the transducer element, converting the biochemical
detection of r-lactate into a measurable optical signal.

SNPs were selected as the structural scaffold between sen-
sing and transducer elements due to their favourable surface
chemistry and optical inertness, properties that facilitate this
effective integration. Specifically, SNPs enable the stable immo-
bilisation of lactate oxidase on their surface, promoting the
localised production of H,O, in proximity to the MnO, nano-
particles embedded within the silica core.

MnO, was synthesised by reducing potassium permanga-
nate (KMnO,) with ammonium hydroxide (NH,OH), as shown
in eqn (1) (Fig. 1(B)-i). The formation of MnO, molecules was
monitored by measuring the absorbance spectrum of the
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Fig. 1 (A) Schematic representation of the detection mechanism of the
colorimetric probe for lactate-producing bacteria, such as E. faecalis. (B)
Synthetic procedure for the preparation of Lac@MnSNP.

reaction over time. As shown in Fig. S1, the characteristic
absorbance peaks of KMnO, at approximately 545 nm gradually
disappeared, while a broad peak emerged around 350 nm,
indicative of MnO, formation. These spectral changes con-
firmed the presence of MnO, after 40 minutes. The progression
of the reaction was also visually evident from the colour change
of the suspension - from purple (KMnO,) to brown (MnO,).

2KMnO, + 2NH,0H — 2MnO, + N, + 2KOH + 4H,0

(1)

The aqueous suspension of the synthesised MnO, particles
was employed as the water phase for the synthesis of core-shell
silica nanoparticles using the microemulsion method (Fig. 1(B)-
ii). Tetraethyl orthosilicate (TEOS) was used exclusively to form
the silica core, while the shell was constructed using a combi-
nation of TEOS, a phosphate-containing silane - 3-(trihydroxysi-
lyl)propyl methylphosphonate (THPMP) - and an amino-derived,
(3-aminopropyl)trimethoxysilane (APTMS) silicate derivative. The
amino groups present on the surface of the resulting MnSNP

Table 1 DLS and TEM characterisation of SNP, MnSNP and Lac@MnSNP
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were subsequently utilised to covalently conjugate the enzyme
lactate oxidase through succinic anhydride linker (Fig. 1(B)-iii).
The extent of enzyme immobilisation on the nanoparticle sur-
face was determined by quantifying the residual protein content
in the supernatant following particle purification by centrifuga-
tion. The calculated functionalisation was 83%.

The synthesised MnO,, SNP, MnSNP, and Lac@MnSNP were
morphologically characterised by dynamic light scattering
(DLS) and transmission electron microscopy (TEM). The opti-
mised synthesis of MnSNP produced a homogeneous suspen-
sion of nanoparticles with an average diameter of 158 + 3 nm
and a polydispersity index (PDI) of 0.17 £ 0.05 (Table 1). These
results indicate that the incorporation of MnO, did not signifi-
cantly alter the morphology of SNPs, aside from a slight
reduction in size compared to SNPs (184 + 2 nm size, PDI:
0.15 £ 0.02). DLS analysis of MnO, was inconclusive due to the
small particle size and their tendency to form agglomerates, as
confirmed by TEM imaging. TEM images of MnSNP demon-
strated that the incorporation of MnO, did not alter the overall
morphology of the silica particles (Fig. 2). In the case of
Lac@MnSNPs, DLS revealed a significant increase in hydro-
dynamic diameter compared to MnSNPs, with a measured size
of 1438 £ 52 nm and a PDI of 0.30 £+ 0.02. However, TEM
analysis showed that the core particle size remained small, with
MnSNPs and Lac@MnSNPs exhibiting diameters of 153 + 1 nm
and 105 + 1 nm, respectively. It was observed that the functio-
nalisation of MnSNPs to form Lac@MnSNPs resulted in an
increase in surface charge from -34 + 1 mV (MnSNP) to —13 £+
1 mV (Lac@MnSNP). As the zeta potential approaches neutral-
ity, the electrostatic repulsive forces between particles are
reduced, promoting nanoparticle agglomeration in suspension,
as indicated by DLS measurements. Nevertheless, TEM analysis
confirmed that the nanoparticles retained their individual
morphology despite the tendency to aggregate.

The elemental composition was examined using energy-
dispersive X-ray (EDX) analysis. The detection of Mn in the
MnSNP sample (Table 2) confirmed the incorporation of MnO,
particles in the silica nanoparticle matrix. In addition, follow-
ing treatment with H,0,, the MnO, particles were isolated via
centrifugation, and EDX analysis revealed that the MnO, par-
ticles were completely degraded into soluble Mn”" cations, as
no pellet was observed after centrifugation of the MnO, sample.
In contrast, EDX analysis of the pellet obtained after 2 hours of
incubating MnSNP with 50 uM of H,0, confirmed the degrada-
tion of MnO, while indicating the stability of the silica matrix.
The MnSNP retained their morphology after treatment, with
occasional signs of Ostwald ripening (Fig. 3), a phenomenon

DLS

TEM

Diameter (Z-average) [nm]

Polydispersity index (PDI)

Zeta potential ({) [mV] Diameter (Z-average) [nm]

SNP 184 £ 2 0.15 £ 0.02
MnSNP 158 £3 0.17 £ 0.05
Lac@MnSNP 1438 + 52 0.30 £ 0.02
1642 | J Mater. Chem. B, 2025, 13, 11640-11651

—25+1 87 £ 1
-34*1 153 £1
-13+1 105 +1
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Fig. 2 Morphological characterization of MnO,, SNP, MNnSNP and Lac@MnSNP
by TEM.

that is typically observed in silica nanoparticles in aqueous
environments,”®*® where there is a structural rearrangement of
the silica matrix forming the particles, and it is not indicative of
degradation. Lac@MnSNP exhibited signs of Ostwald ripening
from the time of synthesis (Fig. 3 and Fig. S2).

Notably, after 7 days of storage in deionised (DI) water,
MnSNP exhibited a similar appearance as Lac@MnSNP, which
had also been functionalised and stored under the same
conditions (Fig. S3). This observation suggests the presence
of Ostwald ripening, which occurred predominantly in smaller
particles that probably did not contain MnO,. Despite the
structural rearrangement, both MnSNP and Lac@MnSNP
retained their overall morphology and remained effective in
detecting r-lactate, respectively. The stability of Lac@MnSNP
upon to lactate was further confirmed by DLS analysis. Both
MnSNP and Lac@MnSNP exhibited changes in hydrodynamic
size upon interaction with the analyte (Table S2). Nevertheless,
both nanoparticle types remained stable in the presence of the
analyte, maintaining their morphology, as confirmed by TEM
(Fig. 3).

In addition to the elemental analysis, X-ray photoelectron
spectroscopy (XPS) was performed to further investigate the
chemical composition of the probe and any changes induced by
H,0, treatment. Measurements taken at different positions
across the samples indicated a homogenous elemental distri-
bution. Furthermore, in repeated measurements, at the sample
position, under the same experimental conditions, neither the

Table 2 EDX analysis of the particles before and after H,O, treatment.
The values are reported as weight percentage (w%). The extra elements
found in the analysis include Na, K and Au

MnO, MnSNP
H,0, treat. Before After Before After
Mn 33+ 2 — 7+t2 —
Si — — 28 + 2 25 + 2
(0] 51 +4 — 54+ 4 57 1
C 13£0 — 9+ 0 16 £ 1
Extra 3+1 — 2+1 240

This journal is © The Royal Society of Chemistry 2025
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MnSNP
50 M H,0,

0 uM L-lactate

500 nm

Fig. 3 Morphological characterisation of MnSNP and Lac@MnSNP by
TEM, before and after interacting with H,O, and L-lactate, respectively.
(A) MNSNP and (B) Lac@MnSNP before and after interacting with H,O, and
L-lactate, respectively, where there were no significant differences
between the different conditions. The black arrow present in the picture
shows the occasional presence of Ostwald ripening.

X-ray radiation nor the electrons/ions from the charge neutra-
liser system had any detectable effect on the recorded spectra.

High-resolution XPS elemental scans were performed on
MnO,, MnSNPs (treated and untreated with H,0,), and SNPs
(Fig. 4). Trace amounts of potassium (~5 at%) were detected
(Fig. 4(A)), likely originating from either residual KOH formed
as a by-product of KMnO, reduction or incomplete reduction of
KMnO, (see eqn (1)). The MnO, sample exhibited characteristic
peaks for oxygen (Fig. 4(B)) and manganese (Fig. 4(C)), along
with minor carbon contamination.

XPS analysis also confirmed that the chemical composition
and structure of SNPs remained unchanged following H,O,
treatment (Table S1 and Fig. 4(B) and (D)). The silicon-to-
oxygen (Si:O) atomic ratio in MnSNP was 23:59 before treat-
ment and 26 : 60 after treatment, with no significant changes in
the spectral position or shape of the O 1s and Si 2p peaks. A
minor nitrogen signal (<1 at%) was detected, confirming
successful functionalisation of the SNP surface with amino
groups from APTMS (Fig. 1(B)-iii). The elemental concentra-
tions derived from the XPS survey scans (Fig. 4(F)) are sum-
marised in Table S1. Reference spectra for various manganese
compounds have been extensively studied in the literature.*">>
In this work, the binding energy maximum of the Mn 2p;,, peak
for MnO, was observed at 642.5 eV (Fig. 4(C)), which is
consistent with reported values - for example, Ilton et al
reported the Mn2p;, peak for MnO, at approximately
642 eV.*> Additionally, the peak exhibited a tail extending
towards lower binding energies (Fig. 4(E)), which can be
attributed to the presence of Mn**.*" No signals corresponding
to metallic Mn or Mn>" were detected, as these would appear at
binding energies <641 eV.

Fitting of the Mn 2p;/, peak, using literature-based multiplet
splitting components for Mn** and Mn**,*” revealed a mixture

J. Mater. Chem. B, 2025, 13, 11640-11651 | 11643
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Fig. 4 Comparison of XPS high-resolution spectra for MNO, (brown line, 1), SNP (blue line, 2), MNSNP (yellow line, 3) and H,O, treated MnSNP (red line,
4) for the elements (A) carbon C 1s and K 2p, (B) oxygen O 1s, (C) manganese Mn 2p, (D) silicon Si 2p. The thin vertical line in (A) marks the C-C bond,
which was referenced to 284.8 eV. (E) Normalised signal intensity of one related to Mn 2p. The spectra are offset in the y-direction for better visualisation.
(F) Comparison of XPS survey scans for MnO,, SNP, MnSNP as well as H,O, treated MnSNP. For better visualisation, scans 1 to 3 are offset in the y-

direction compared to scan 4.

of Mn"" (43%) and Mn** (57%) in the synthesised MnO,. In
comparison, the commercially available MnO, used as a refer-
ence contained only ~30% Mn®", in agreement with previous
reports.>> The higher Mn** content in our synthesised material
is attributed to the in-house production of MnO, via the KMnO,
reduction method. Consistent with EDX results, XPS confirmed
the presence of surface MnO, following its incorporation into
the SNPs. Fig. 4(E) shows a weak Mn signal (0.4 at%, Table S1)
in MnSNPs. Moreover, the shape and the binding energy of the
Mn 2p spectrum remained unchanged between the MnO, and
MnSNP samples (Fig. 4(E)), indicating that the chemical struc-
ture of MnO, was preserved during incorporation. After treat-
ment with H,0,, the Mn signal disappeared from the XPS
spectra (Fig. 4(C) and (E)), consistent with the transformation
of MnO, into soluble Mn®>* and its subsequent dissolution,
corroborating the EDX findings.

A stability test was conducted to compare the behaviour of
MnSNPs (1 mg mL~") and MnO, in deionised water after 7 days
of storage. MnO, was tested at two different concentrations:
0.01 mg mL ™", which visually matched the colour of MnSNPs at
1 mg mL™', and 0.025 mg mL~', which exhibited similar
absorbance values to MnSNPs at the same concentration. After

1644 | J Mater. Chem. B, 2025, 13, 11640-11651

7 days, MnSNPs showed no change in the absorbance of the
supernatant, whereas MnO, samples exhibited a decrease in
absorbance to 0.98 and 0.88 at 0.01 mg mL " and 0.025 mg mL %,
respectively, being the days of 0.025 mg mL™"' MnO, statistically
different (p-value < 0.05) (Fig. S3A). Additionally, MnO, displayed a
higher degree of agglomeration compared to MnSNPs during
storage (Fig. S3B). Evidence of matrix rearrangement in MnSNPs
was also observed on day 7 (Fig. S3C), likely due to Ostwald
ripening - a common phenomenon in silica-based systems. Over-
all, the stability test confirmed that embedding MnO, within the
silica matrix not only prevents the spontaneous dissolution
observed in free MnO, but also significantly reduces particle
agglomeration (Fig. S3B).

The selection of SNPs was guided by two main factors: (i) the
ease with which their surface can be functionalised, enabling
straightforward conjugation of the enzyme lactate oxidase; and
(ii) the optical properties of silica. The optimal concentration of
MnSNPs was determined by varying both amount of MnO,
loaded within the SNPs (Fig. S4A) and the concentration of
MnSNPs used in the assay (Fig. S4B), in order to achieve
suitable absorbance for detecting the desired range of
t-lactate. This study confirmed that higher availability of

This journal is © The Royal Society of Chemistry 2025
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MnO, - whether through increased MnO, loading or higher
MnSNP concentration - resulted in greater H,O, detection, but
with reduced sensitivity. Specifically, we observed that using
high concentrations of MnO, particles diminished detection
sensitivity due to a shielding effect, whereby small signal
variations become undetectable. Based on NMR results,
bacteria-producing lactate in urine samples is expected to range
from 59 to 241 ug mL ™", corresponding to bacterial concentra-
tions of 10° and 10° CFU mL ™", respectively.>® Therefore, we set
a working concentration of MnSNPs at 2 mg mL ™', which
corresponds to 26.9 g mL~" of MnO, particles, as determined
spectrophotometrically using a calibration curve. This concen-
tration was chosen to enhance the sensitivity of the method.
The detection efficacy of the probe was initially evaluated by
treating 2 mg mL~' MnSNPs with varying concentrations of
H,0, ranging from 0 to 100 pM. An incubation time of 4 hours
was selected, as it yielded a more stable signal (Fig. S5). Results
are reported as relative absorbance, calculated as the ratio of
the absorbance intensity at each H,0, concentration to that of
the untreated sample [I,/I,]. The absorbance at 400 nm
decreased linearly with increasing H,0, concentration, reach-
ing 0.78 relative absorbance at 50 uM of H,0, (R* = 0.94), and
further declining slightly to 0.67 at 100 pM (Fig. 5(B)). The limit
of detection (LOD) was determined from the linear portion of
the response curve, yielding an LOD of 26 uM for H,0,. To
validate the detection mechanism, 2 mg mL ™" of Lac@MnSNP

View Article Online
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was tested against 1-lactate. A faster response was observed in the
range of 50-100 uM r-lactate when the nanoparticles were func-
tionalised with higher concentrations of lactate oxidase (Fig. S6).
Two enzyme concentrations were evaluated: 50 pg mL ' and
100 pg mL™". After 2 h of incubation, the probe containing
50 pg mL " of enzyme exhibited a stabilised signal of 0.9 at
25 UM r-lactate. In contrast, the probe with 100 ug mL™"' of
enzyme showed a linear decrease in absorbance, reaching
0.71 at 50 pM r-lactate (R* = 0.81). Extending the incubation time
to 4 h enhanced the responsiveness of the 50 ug mL ™' enzyme
probe, which reached a plateau at 75 uM r-lactate with a signal
decrease to 0.64. A similar trend was observed for the 100 pg mL ™"
enzyme probe, which exhibited a linear decrease to 0.70 at 100 pM
1-lactate (R* = 0.94). Overall, the absorbance signal of Lac@MnSNP
decreased with increasing 1-lactate concentration, particularly up
to 50 uM (Fig. 5(C)). At 100 ug mL ™' of enzyme concentration, the
signal dropped to 0.70, with a calculated LOD of 31 uM (R* = 0.94).

Lactate oxidase catalyses the conversion of r-lactate to
pyruvate in a 1:1 ratio, producing one molecule of H,O, per
L-lactate molecule oxidised. Both MnSNP and Lac@MnSNP
exhibited a similar response, with a linear decrease in absor-
bance up to 50 pM of H,0, and r-lactate, respectively. The
corresponding LOD values were 26 uM for H,0, and 31 uM for
t-lactate. These results confirm the successful catalysis of
t-lactate by Lac@MnSNP and its subsequent quantification
via indirect detection of the generated H,0,. These results
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Fig. 5 Responsiveness of probe with H,O, and L-lactate. (A) Absorbance values of MnO,, SNP, and MnSNP before (MnSNP) and after interacting with
H>05 (MNSNP + H,05). (B) Responsiveness of 2 mg mL™! of MnSNP with H,O, at 4 h. (C) Responsiveness of 2 mg mL™* of Lac@MnSNP with L-lactate,
after 4 h. Responsiveness of 2 mg mL™! of (D) MnSNP with H,O, and (E) Lac@MnSNP with L-lactate, in artificial urine medium (AUM), after 4 h. (F)
Responsiveness of 2 mg mL™! Lac@MnSNP with E. faecalis and S. aureus, after 5 h incubation. Data is reported as mean =+ standard deviation (n = 3).
Statistical analysis (ANOVA test and Tukey's test) were performed, to compare the different concentrations, and a two-sample t-test was performed to

compare the concentrations of the different particles (*: p < 0.05).
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confirm the detection mechanism of the designed probe, in
which the presence of i-lactate leads to a decrease in absor-
bance, indirectly indicating the presence of E. faecalis. MnSNP
was tested in PBS at different pH (i.e. pH 5, 6, 7 and 8) to mimic
the different conditions of urine. The result showed that pH
does not interfere with the detection efficacy of the probe
further confirming the suitability for the proposed application
(Fig. 7).

Given that urine is a complex matrix containing various
components that could interfere with the probe’s performance,
MnSNP and Lac@MnSNP were tested in an artificial urine
medium (AUM) to assess potential matrix effects. The absor-
bance spectra of AUM was analysed to see if it could interfere
with the probe (Fig. S8). AUM did not present an absorbance
peak at 400 nm wavelength, indicating that the probe is
suitable for measurements in AUM and urine samples
(Fig. S8). MnSNP and Lac@MnSNP were evaluated in DI water
and AUM, using H,0, and r-lactate as analytes, respectively
(Fig. 5(D) and (E)). MnSNP exhibited similar responsiveness in
both media, with a linear decrease in absorbance to 0.78 at
50 UM H,0, and a further slight decrease to 0.67 at 100 uM.
However, the sensitivity of the probe was reduced in AUM, with
a LOD of 58 uM (R* = 0.70), compared to 26 pM in DI water.

Similarly, Lac@MnSNP showed comparable behaviour in
both media, reaching a saturation point of 0.68 at 50 puM
lactate in AUM, with an LOD of 47 uM (R* = 0.86), compared
to 31 uM in DI water. These findings indicate that the complex
composition of AUM affects the sensitivity of the probe. Never-
theless, the probe remains suitable for the intended applica-
tion, as bacteria are known to produce 59-241 pg mL ™' of
r-lactate during UTIs,*® while normal urine does not typically
contain r-lactate.>*>>

As a proof-of-concept, the responsiveness of the probe was
evaluated using the lactate-producing bacteria E. faecalis
(Fig. 5(F)). The absorbance signal of 2 mg mL ™' Lac@MnSNP
decreased linearly with increasing concentration of E. faecalis,
reaching saturation at 10° CFU mL™". Further increases to 10"
and 10> CFU mL ™" resulted in higher absorbance signals, likely
due to exceeding the probe’s detection range. It is important to
note that UTIs are typically diagnosed when bacterial concen-
trations of >10° CFU mL ™" for adults and 10*-10* CFU mL ™" in
children.**** Depending on the diagnostic requirements, using
higher concentrations of the probe could enable detection of
bacterial loads above 10° CFU mL™ ' In contrast to
Lac@MnSNP, MnSNP did not exhibit a decrease in signal upon

Table 3 Comparison of Lac@MnSNP with L-lactate probes in the literature
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exposure to E. faecalis (Fig. 5(F)), confirming that the probe
responds to lactate produced by the bacteria, and it is not
affected by bacteria-related molecules, as no signal variation
was measured using the enzyme-free probe (MnSNP). These
results demonstrate the potential of the probe to discriminate
between bacterial species through the detection of lactate
produced by bacteria at concentrations up to 10> CFU mL ™"
(p-value < 0.05), thereby contributing to improved diagnostics.
Fig. 5(F) confirms that the probe responds to lactate produced
by the bacteria, as no signal variation was measured when
using the enzyme-free probe (MnSNP) in the presence of
E. faecalis. The relation between the bacterial concentration
and r-lactate detected was calculated using a calibration curve
of the probe, when tested in water (Fig. S9). Concentrations of
t-lactate of 56 uM were calculated for bacterial concentrations
up to 10° CFU mL . The calculated concentrations of r-lactate
are above the LOD of the probe (31 uM), showing the potential
of the probe in detecting bacterial load until 10> CFU mL™". The
probe was also tested against the non-lactate-producing bac-
teria Staphylococcus aureus (S. aureus) (Fig. $10). In contrast to
E. faecalis, Lac@MnSNP did not exhibit a decrease in signal
upon exposure to S. aureus. These results demonstrate the
potential of the probe to discriminate between bacterial species
through the detection of lactate produced by bacteria. The
proposed probe was compared with various r-lactate probes
from the literature (Table 3) based on sensor type, incubation
time, LOD, sample type, and application. As it is possible to
observe, r-lactate-based sensors can be from different types of
sensors, electrochemical,**® fluorescent,>*™*' and colorimetric,**
as is the case of this work presented, being colorimetric the least
common type. Lac@MnSNP is composed of SNP and MnO,
which are considered non expensive materials and is produced
by a simple reverse microemulsion method. The majority of
the sensors found in the literature use expensive materials
such as multi-walled carbon nanotubes or metal-organic
frameworks®®??*! or use complex synthesis methods,***'*>
turning the fabrication process more complex and less cost-
effective. When comparing electrochemical and optical sen-
sors, each type has its own advantages and disadvantages,
electrochemical sensors may present a lower LOD, however,
they also present more costly and complex fabrication
processes.>®?®* When comparing fluorescent and colori-
metric sensor probes, both solutions can be quantitative
and qualitative, however, fluorescent sensors need the use
of an external light source such as an UV lamp. Regarding the

Type of sensor Incubation time  LODy jactate Type of sample Application Ref.
Electrochemical 1200 s 112 x 10°' fM  Urine and blood  Diabetes 36
Electrochemical 5h 66 UM Tissue Infection in wounds post-surgery 37
Electrochemical 5 s 55 pM Sweat Tissue oxygenation 38
Fluorescence 5 min 0.52 mM Sweat Health monitoring 39
Fluorescence 20 min 30 uM Serum POC chiral analysis in complexed biological samples 40
Fluorescence N/A 0.091 pM Milk and Sweat Sports medicine, clinical environments, food industry 41
Colorimetric N/A 0.63 mM Urine Liver disease 42
Colorimetric 4h 31 uM Urine UTI This work
11646 | J Mater. Chem. B, 2025, 13, 11640-11651 This journal is © The Royal Society of Chemistry 2025
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health applications, r-lactate is used as a biomarker for
monitoring the oxygenation levels of tissue,*® infections®”
and other diseases such as diabetes or liver diseases,>®*>
being sweat the most common sample used.*®*%*! In addition
to this work, a colorimetric sensor that uses urine as a sample
to determine the presence of a liver disease was found,
presenting a LOD of 0.63 mM, roughly 20 times higher than
the LOD of this work (31 puM).”” The literature includes an
-lactate based sensor for the detection of infection in wounds
post-surgery. The authors propose a wireless implantable
electrochemical sensor for the identification of infection in
orthopeadics, presenting an incubation time of 5 h and a LOD
of 66 uM,*” contrary to Lac@MnSNP, which presented a
similar incubation time but a LOD of 31 uM. When comparing
with the different sensors found in the literature,
Lac@MnSNP presents a more cost-effective solution that has
a LOD in the working range of the application. Regarding the
sensors that use urine as a sample and sensors for infection-
based application, Lac@MnSNP is one of the few examples of
lactate-sensitive probe for the diagnosis of UTI in urine
samples,’”*> which is user friendly, cost-effective and pre-
sents a qualitative and quantitative solution with a low LOD
and simple readout.

Conclusions

In this work, we present a colorimetric probe for the detection
of E. faecalis in urine samples, based on detection of its
metabolic by-product, i-lactate. Such strategy improves the
reliability of the detection when compared with general pH-
based approaches. Moreover, the proposed method is cost-
efficient considering the simple preparation of the probe and
the instrumentation required for the measurement. The probe,
Lac@MnSNP, was validated against r-lactate, confirming the
detection mechanism through indirect detection of H,O,. The
sensitivity of the probe was evaluated, revealing an LOD of
31 uM for i-lactate. The probe remained stable following
interaction with the analyte. The probe was also tested in
AUM to mimic the complex environment of urine, where it
was shown that Lac@MnSNP is not remarkably influenced by
the components of urine, presenting a higher LOD of 47 pM,
when comparing with DI water (LOD = 31 uM). Additionally, as
a proof-of-concept, Lac@MnSNP was tested in the presence of
E. faecalis and S. aureus. Lac@MnSNP successfully detected
E. faecalis, a lactate-producing bacterium, up to 10° CFU mL ™%,
showing its potential of detecting bacteria within the infection
range. In contrast, Lac@MnSNP did not show a decrease in the
signal when exposed to S. aureus, indicating that Lac@MnSNP
is specific for i-lactate, and by extension, to bacteria that
produces r-lactate as their metabolite. The probe demonstrated
the potential as a novel POC diagnostic tool that enables a more
accurate diagnosis of UTIs. By detecting bacteria-related analyte
rather than physical and chemical parameters, as the current
methods do, this colour-based sensor could enable more
accurate diagnosis, and thus, more effective treatment of UTIs.

This journal is © The Royal Society of Chemistry 2025
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Experimental section

Materials

2-[4-(2,4,4-Trimethylpentan-2-yl)phenoxy]ethanol (Triton®™ X-
100), 1-hexanol (anhydrous, >99%), cyclohexane (anhydrous,
99.5%), tetraethyl orthosilicate, (TEOS, >99%), ammonium
hydroxide (28-30% in water), 3-(trihydroxysilyl)propyl methyl-
phosphonate (THPMP, 50% in wt.% in H,0), (3-aminopropyl)-
trimethoxysilane (APTMS, 97%), manganese(v) oxide (>99%),
potassium permanganate (>99%), hydrogen peroxide (3% in
wt% in H,0), ethanol (>99.8%), succinic anhydride (>99%),
and lactate oxidase from Aeroccocus viridans (lyophilised powder)
were all purchased from Sigma Aldrich. Silica nanoparticles were
synthesised as described below.

Instrumentation

Dynamic light scattering (DLS). The hydrodynamic sizes,
zeta potential ({-potential), and polydispersity index (PDI) of the
fabricated nanoparticles (NPs) were measured using a Zetasizer
NanoZS (Malvern Instruments Ltd, Malvern, UK), equipped
with a 633 nm HeNe laser and a backscatter detection angle
of 90°. Samples were diluted to a final concentration of
50 ug mL ™' in deionised water (DI water). Measurements of
size and PDI were performed using 1.5 mL disposable plastic
cuvettes, while (-potential was measured using a disposable
folded capillary cell (DTS1070, Malvern Instruments Ltd, Mal-
vern, UK). All measurements were conducted at room tempera-
ture (~25 °C), and the reported values represent the average of
three independent measurements.

UV-vis spectrophotometer. UV-Vis absorbance spectra were
recorded using a Varian 50Bio spectrometer connected to a
50 Multi-Port Router (MPR) module (Agilent, Santa Clara, CA,
USA). Samples were diluted to a concentration of 1 mg mL ™,
and 2 mL were transferred into a quartz cuvette. Spectra were
collected over a wavelength range of 200-600 nm.

Microplate reader. The responsiveness of the probe to H,0,,
-lactate, and bacterial samples was monitored using a BioTek
Synergy H1 microplate reader. Samples and media were added
to a 96-well plate, with a final volume of 100 pL per well. UV-Vis
absorbance spectra were recorded over a wavelength range of
230-999 nm.

NanoDrop spectrophotometer. Sample absorbance was mea-
sured using a NanoDrop One C spectrophotometer (Thermo-
Fisher Scientific, Madison, WI, USA). A 1 pL aliquot of the
sample was loaded onto the measurement pedestal and ana-
lysed using the “Protein E and My, setting (E = 51.340 M, My, =
80 kDa).

Transmission electron microscopy (TEM). Samples were
deposited onto carbon-coated copper grids (200 Mesh; Carbon
Film Supported Copper Grid, Electron Microscopy Sciences,
USA) and allowed to dry prior to imaging in REM Hitachi.

Energy-dispersive X-ray analysis (EDX). EDX analysis was
performed using a Hitachi S-4800 scanning electron micro-
scope operated at an accelerating voltage of 20 kV. Samples
were mounted on conductive carbon tape, air-dried, and
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subsequently sputter-coated with a thin layer of Au/Pd prior to
imaging, using appropriate holders.

X-ray photoelectron spectroscopy (XPS). The surface
chemical composition of the functionalised nanoparticles was
analysed using a scanning XPS microprobe spectrometer (PHI
VersaProbe II, Physical Electronics) equipped with monochro-
matic Al Ko radiation (1486.6 eV). A photoemission take-off
angle of 45° relative to the sample surface was used. The
analysis chamber was maintained at an operating pressure
below 1.5 x 10~ ° Pa, achieved via an ion pump.

Powder samples were pressed onto indium foil to create a
flat, contiguous surface and mounted onto a stainless steel
holder using double-sided adhesive tape. Minimal signal was
detected from the indium substrate (<0.1 at%). Survey scans
(0-1100 eV) were acquired with a step size of 0.8 eV, an
acquisition time of 160 ms per data point, and an analyser
pass energy of 187.85 eV.

High-resolution elemental spectra were collected for C 1s
and K 2p (278-298 eV), O 1s (523-543 eV), Si 2p (94-114 eV), and
Mn 2p (630-665 eV), using a step size of 0.125 eV, analyser pass
energy of 29.35 eV, and acquisition times of 1.92 s (C, O, Si) and
4.8 s (Mn) time per data point. The energy resolution (FWHM,
full width at half maximum height) was 2.2 eV for survey scans
and 0.7 eV for high-resolution scans, as determined from the Ag
3ds,, photoemission line. Total acquisition times were approxi-
mately 4 min for survey scans and 40 min for the five combined
high-resolution scans.

Randomly selected spots on the samples were analysed
using a micro-focused X-ray beam (100 pm diameter, 25 W at
15 kV). The 180° spherical capacitor energy analyser was
operated in the fixed analyser transmission (FAT) mode. To
compensate for potential sample charging, dual beam charge
neutralisation was employed using a flux of low-energy elec-
trons (1.3 eV) combined with very low-energy Ar* ions (10 eV).

The binding energy of the C 1s peak was referenced to 284.8 eV,
corresponding to aliphatic carbon (C-C) from adventitious carbon
contamination.*” Atomic concentrations were calculated using
CasaXPS software (version 2.3.16, Casa Software Ltd, Teignmouth,
UK). Spectral fitting was performed using a mixed Gaussian-
Lorentzian product function (70% Gaussian, 30% Lorentzian) to
curve fit the XPS spectra (least-squares fitting routine) for deter-
mining the chemical bonding states of the various elements. A
Shirley-type background was subtracted from the XPS peak areas.

Quantification was carried out using tabulated PHI sensitivity
factors,*® corrected for the instrument’s transmission function
and analyser asymmetry (accounting for the different angle
between the X-ray source and analyser). Further detail on the
XPS system and methodology have been previously published.*”

Synthetic procedures

MnO,-NP nanoparticles (MnNP). A 0.8 mL solution of
KMnO, (125 mM) was added to a plastic reaction vessel.
Subsequently, 200 pL of ammonia hydroxide (28-30%) was
added to the solution. The reaction mixture was stirred con-
tinuously for 24 hours, at room temperature. The resulting
product was collected by centrifugation at 6797 x g for
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8 minutes. The supernatant was discarded, and the pellet was
resuspended in 1 mL of DI water using a probe sonicator (10%
amplitude, 10 seconds). The resulting MnO, nanoparticle sus-
pension was stored at 4 °C until further use.

MnO, loaded in silica nanoparticles (MnSNP). To prepare
MnSNPs, 1.89 g Triton® X-100, 7.5 mL of cyclohexane, and
1.13 mL of 1-hexanol were added to a plastic vial. Then, 0.48 mL
of the MnO, suspensions was introduced to form a microemul-
sion system, immediately followed by the addition of 100 pL of
TEOS. After 30 minutes of stirring, 40 L of ammonia hydroxide
was added, and the reaction mixture was stirred for 24 hours.

Subsequently, 50 uL of TEOS was added, followed by 40 pL of
THPMP after 20 minutes, and 10 puL of APTES after 5 minutes.
The mixture was left for 24 hours.

Purification was carried out via three cycles of centrifugation
at 15294 x g for 8 minutes, followed by redispersion of the
pellet using a probe sonicator (10% amplitude, 3 seconds). The
final MnSNPs were suspended in deionised water (DI water)
and stored at 4 °C.

As a control, pristine SNPs were synthesised using the same
procedure, substituting the MnO, suspension with 0.48 mL of
DI water during the microemulsion formulation step.

MnSNP functionalised with lactate oxidase (Lac@MnSNP). A
suspension of MnSNPs (2 mg mL ") were reacted with succinic
anhydride (1 mM) at room temperature for 1 hour under
shaking (41 x g). The particles were then isolated by centrifuga-
tion (6797 x g, 8 minutes) and gently dispersed in Milli-Q water
using a probe sonicator (10% amplitude, 3 seconds).

The resulting functionalised particles were incubated with
varying concentrations of lactate oxidase (50 and 100 pg mL™ ")
for 12 hours at room temperature under shaking at 41 x g. After
incubation, the particles were collected by centrifugation
(6797 x g, 8 minutes) and gently redispersed in Milli-Q water
using a vortex mixer. The resulting Lac@MnSNPs were either
used immediately for assay or stored at 4 °C for a maximum of
24 hours.

Artificial urine medium. Artificial urine medium (AUM) was
prepared by adapting protocols reported in the literature.*® The
following components were mixed in 100 mL of DI water: urea
(310 mM), Na,SO, (29.6 mM), KH,PO, (19.8 mM), creatinine
(1 mM), MgCl, (3.2 mM), NaCl (2.67 mM), CaCl, (2.6 mM), and
KClI (1.55 mM). The prepared AUM solution was stored at 4 °C
until further use.

Experiments

Stability test. Two sets of Eppendorf tubes were prepared,
each containing 1 mL of either MnO, or MnSNP suspensions,
for evaluation on day 1 and day 7. MnSNP suspension was
prepared at a concentration of 1 mg mL™'. MnO, suspension
was prepared at two concentrations: 0.025 mg mL ™" (to match
the absorbance of MnSNP) and 0.01 mg mL™" (to match the
visual colour of MnSNP).

On the respective day of analysis, the samples were centri-
fuged at 6797 x g for 8 minutes. The absorbance at 400 nm was
measured for both the supernatant and resuspended pellet to

This journal is © The Royal Society of Chemistry 2025
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evaluate the stability and retention of optical properties
over time.

H,0, assay. Stock solutions of MnSNP (2, 3, 4, and
5 mg mL ™! in DI water) and H,0, (31.2, 62.5, 125, 250, 500,
1000, and 2000 pM) were previously prepared. In a 96-well plate,
50 puL of MnSNP solution was mixed with 50 pL of H,O,
solutions, resulting in final MnSNP concentrations of 1, 1.5,
2, and 2.5 mg mL~"', and final H,0, concentrations of 15.6,
31.2, 62.5, 125, 250, 500, and 1000 pM. Control wells were
prepared by MnSNP solutions with 50 pL of DI water.

Absorbance spectra were recorded after 2 h and 4 h of
incubation using a microplate reader. Prior to measurement,
samples were gently mixed using a pipette. Absorbance was
measured at 400 nm.

L-lactate assay. Lac@MnSNPs were isolated by centrifugation
at 6797 x g for 8 min and redispersed in 500 pL of Milli-Q
water, yielding 3 stock solutions at a concentration of
4 mg mL™". Stock solutions of r-lactate (6.25, 12.5, 25, 50,
100, 150, and 200 pM) were previously prepared in DI water.

In a 96-well plate, 50 pL of Lac@MnSNP and 50 pL r-lactate
were added in each well, resulting in final concentrations of
2 mg mL™" for Lac@MnSNP and 3.13, 6.25, 12.5, 25, 50, 75, and
100 pM for r-lactate. Control wells were prepared by mixing
Lac@MnSNP with 50 pL of Mili-Q water.

Absorbance spectra were recorded after 2 and 4 h of incubation
using a microplate reader. Prior to measurement, samples were
gently mixed using a pipette. Absorbance was measured at 400 nm.

Bacterial assay. Enterococcus faecalis (DSM 20478) and
Staphylococcus aureus (DSM 2569) were cultured overnight on
TSY-Agar plates. The following day, bacterial colonies were
collected and inoculated in 30% TSB incubated overnight at
37 °C. A working bacterial suspension was then prepared in
4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES)
buffer (10 mM) supplemented with glucose (2.5 mM), adjusted
to an optical density of 0.1 at 600 nm (ODgg). Serial dilutions
were performed to obtain final concentrations of 10°, 10%, 103,
10, and 10* CFU mL™ .

MnSNP and Lac@MnSNP stock solutions (4 mg mL™") were
prepared in the same HEPES + glucose medium. In a 96-well
plate, 50 pL of nanoparticle solution and 50 pL of diluted
bacterial suspension were combined, resulting in a final nano-
particle concentration of 2 mg mL™'. Control wells include
bacteria alone and nanoparticles alone in HEPES + glucose.
Bacteria growth and MnO, reduction were monitored by mea-
suring absorbance at 600 nm and 400 nm, respectively, using a
microplate reader.*® Measurements were taken hourly over an
8-hour period, with gentle mixing before each read to resus-
pend aggregates and ensure accurate readings.

Statistics. Statistical analysis was conducted using the Ori-
gin 2022 software. The different samples were compared
through an ANOVA test with a post-hoc analysis (« = 0.05),
including Tukey’s test, Levene’s test, and actual power calcula-
tion. To compare the different particles, a t-test was performed
(two-sample t-test, « = 0.05, actual power).

The limit of detection (LOD) was determined from the linear
region of the calibration curves using a linear region model.

This journal is © The Royal Society of Chemistry 2025
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LOD was calculated using the formula: 3.3¢/slope, where o
represents the standard deviation of the blank measurements.
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