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We present a cell-based colorimetric assay for amino acid quantification using Escherichia coli auxotrophs
engineered to grow exclusively in the presence of their corresponding target amino acids and to display gold-
binding proteins (GBPs) on their surface. Upon the addition of gold nanoparticles (AuNPs), the surface-
expressed GBPs mediate AuNP aggregation, resulting in a distinct color shift from pink to blue. This approach
enables the detection of ten essential amino acids through characteristic colorimetric changes and allows for
quantitative analysis via absorbance measurements with high specificity, strong linearity (R* > 0.96), and low
detection limits ranging from 0.43 to 1.04 pM. The clinical applicability of the assay was demonstrated by
accurately detecting elevated amino acid levels associated with phenylketonuria (PKU), homocystinuria, and
maple syrup urine disease (MSUD), with excellent analytical precision (coefficients of variation <4 %) and high
recovery rates (98-102 %). This technology holds strong potential as a novel platform for amino acid quanti-
fication, providing an easily observable colorimetric readout without the need for bulky or specialized
instrumentation.

1. Introduction

Amino acids are the fundamental building blocks of proteins and are
indispensable for nearly all biochemical and physiological processes in
living organisms (Hausler et al., 2014; Kaur et al., 2023). Abnormal
concentrations of amino acids can disrupt normal metabolic pathways,
leading to physiological dysfunctions and various metabolic disorders
(Han et al., 2023; Zhang et al., 2024). Among the twenty standard amino
acids, ten are classified as essential because they cannot be synthesized
endogenously and must therefore be obtained through dietary intake
(Hou et al., 2015; Kaur et al., 2023).

The precise quantification of these essential amino acids is particu-
larly crucial for monitoring nutritional status and diagnosing inherited

metabolic disorders which often manifest in newborn babies (Yahyaoui
and Pérez-Frias, 2019). Conditions such as phenylketonuria (PKU),
homocystinuria, and maple syrup urine disease (MSUD) arise from ge-
netic defects in amino acid metabolism pathways and can lead to severe
developmental complications, neurological disorders, and other
life-threatening conditions, if not detected and treated early (Aliu et al.,
2018; Chen et al., 2023; Garg and Dasouki, 2006; Kilgore et al., 2023;
Matuszewska et al., 2024; Shykholeslami et al., 2022). Therefore,
developing accurate and accessible amino acid quantification methods is
critical for the early diagnosis of these disorders, especially in newborn
screening and timely clinical management.

Current approaches for amino acid quantification primarily depend
on sophisticated instrumental techniques such as high-performance
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liquid chromatography (HPLC) and mass spectrometry (Bouza et al.,
2024; Giordano et al., 2019; Kaur et al., 2023; Xie et al., 2022). While
these methods offer outstanding analytical performance, their practical
utility is often hindered by several limitations, including the high cost of
instrumentation, the requirement for specialized expertise, and
labor-intensive sample preparation procedures. These constraints are
especially prohibitive in decentralized or resource-limited environ-
ments. Consequently, there is a growing need for alternative platforms
that enable cost-effective and user-friendly amino acid detection
without compromising analytical quality.

Cell-based biosensors have emerged as compelling alternatives to
conventional analytical methods due to their reduced operational
complexity and cost (Chung and Dhar, 2021; Gupta et al., 2019; Kan-
nappan and Ramisetty, 2022; Lu et al.,, 2021). Among these, E. coli
auxotroph-based biosensors show strong potential for amino acid
quantification by utilizing strains that grow exclusively in the presence
of specific target amino acids (Bertels et al., 2012; Kang et al., 2022).
Our group has pioneered this approach by engineering auxotrophic
E. coli strains harboring luminescent or fluorescent reporter systems,
enabling selective and quantitative detection of amino acids and related
metabolites, including homocysteine and galactose (Kim et al., 2010,
2014; Woo et al., 2011, 2013). Extending our earlier research, we
further enhanced the platform by incorporating gold-binding protein
(GBP)-displaying plasmids into leucine auxotrophic E. coli, allowing for
leucine quantification relevant to the diagnosis of MSUD, based on
surface plasmon resonance (SPR) signals generated through specific
interactions between cell-surface GBPs and gold-coated SPR chips (Woo
et al., 2016).

Building upon our previous work, we present a colorimetric
biosensor platform for the simultaneous detection of ten essential amino
acids. This system integrates auxotrophic E. coli strains with the plasmid
pTacFadLGBP-1, enabling surface expression of GBPs in proportion to
target amino acid concentrations (Park et al., 2009). GBP-mediated
aggregation of gold nanoparticles (AuNPs) induces a visible
pink-to-blue color shift, allowing both qualitative and quantitative
analysis without the need for complex instrumentation. We demonstrate
the clinical relevance of this platform by detecting elevated levels of
phenylalanine, methionine, and leucine in dried spot samples containing
pathologically relevant amino acid concentrations. This work represents
a significant advance toward simple, accessible, and scalable diagnostics
for amino acid-related diseases.

2. Experimental section
2.1. Construction of GBP-displaying E. coli auxotrophs

E. coli auxotrophic strains for ten essential amino acids—arginine,
histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threo-
nine, tryptophan, and valine—were generated via transposon muta-
genesis using a previously established protocol (Kim et al., 2010; Woo
et al., 2016). Briefly, E. coli W (ATCC 1105) (Burkholder, 1951) was
subjected to KAN-2 transposon insertion (Epicentre, WI, USA), and the
resulting mutants were screened by replica plating on M9 minimal
medium with and without supplementation of the respective amino acid
to identify the desired auxotrophic phenotypes.

Competent cells of the auxotrophic strains were prepared by
repeated washing with ice-cold distilled water and transformed via
electroporation (Gene Pulser Xcell™, Bio-Rad, CA, USA) with plasmid
pTacFadLGBP-1 (Ap', fadl, pTac99A derivative, fadL, GBP, 6.9 kb) for
surface display of the GBP (Park et al., 2009). Transformants were
selected on LB agar containing ampicillin (50 pg/mL), grown overnight
in LB medium at 37 °C, and preserved as glycerol stocks at —70 °C. Using
this protocol, ten GBP-expressing amino acid auxotrophs were con-
structed: Arg GBP, His GBP, Ile GBP, Leu GBP, Lys GBP, Met GBP,
Phe_GBP, Thr_ GBP, Trp_GBP, and Val GBP. Surface display of GBP on
the outer membrane was confirmed by 12 % (w/v) SDS-PAGE following
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standard membrane fractionation procedures (Woo et al., 2016).

2.2. Synthesis and characterization of AuNPs

Gold nanoparticles (AuNPs) were synthesized via citrate reduction,
as previously described (Sugikawa et al., 2016). An aqueous solution of
gold(III) chloride trihydrate (1 mM, 20 mL) was brought to a vigorous
boil under continuous stirring, followed by the rapid addition of triso-
dium citrate (38.8 mM, 2 mL). The mixture was boiled for an additional
30 min, resulting in the formation of a deep-red colloidal solution. The
solution was then cooled to room temperature and stored at 4 °C,
yielding AuNPs at a final concentration of 13 nM. The synthesized
AuNPs were characterized by transmission electron microscopy (TEM;
FEI Tecnai, Japan) and energy-dispersive X-ray spectroscopy (EDS).

2.3. Cell-based colorimetric detection of amino acids

Auxotrophic strains were cultured overnight at 37 °C in LB medium
supplemented with ampicillin and kanamycin (50 pg/mL each). Cells
were harvested by centrifugation (8000xg, 3 min, 4 °C), washed with
M9 medium, and resuspended to a final density of 1 x 107 cells in 50 pL
per well of a transparent 96-well plate. Each well was then supple-
mented with 50 pL of a sample solution containing cyanocobalamin (1
nM), isopropyl-p-D-thiogalactopyranoside (IPTG; 1 mM), and target
amino acids prepared in a standard amino acid cocktail simulating
human blood composition (Liu et al., 2019; Woo et al., 2016). Typically,
the amino acid cocktail contains (in pM): alanine (300), arginine (40),
asparagine (60), aspartate (3), cysteine (45), glutamine (500), glutamate
(50), glycine (220), histidine (65), isoleucine (65), leucine (100), lysine
(180), methionine (20), phenylalanine (50), serine (100), threonine
(120), tyrosine (60), tryptophan (20), valine (220), and proline (200). In
each assay, the target amino acid was spiked into the cocktail to achieve
the desired concentration. Following a 4-h incubation at 37 °C, the cells
were washed twice with M9 medium and resuspended in 50 pL of fresh
M9. AuNPs (5 nM, 100 pL per well) were then added to each well. The
resulting pink-to-blue color shift, induced by target amino acid-triggered
AuNP aggregation, was quantitatively evaluated by measuring the
absorbance ratio at 700 nm and 562 nm (A7(o/Asg2) using a Synergy H1
microplate reader (BioTek, VT, USA). The limit of detection (LOD) value
was calculated using the equation: LOD = 36/S, where ¢ is the standard
deviation of the blank signal and S is the slope of the corresponding
calibration curve.

For specificity testing, twenty wells of a 96-well plate were prepared
with the same auxotrophic strain, and twenty different amino acid so-
lutions (100 pM each) were individually added. The wells were then
processed according to the procedure described above. Sensitivity and
linearity assays were performed using serial dilutions of amino acids
with maximum concentrations as follows: arginine, histidine, leucine,
lysine, methionine, phenylalanine, and threonine (50 pM); isoleucine
(25 pM); and tryptophan and valine (100 pM). Each assay was con-
ducted according to the procedure described above.

2.4. Amino acid quantification from dried spot specimens

Blank filter paper disks (Whatman 903, Bio-Rad) were spotted with
20 pL of amino acid solutions (phenylalanine, methionine, and leucine)
and dried at room temperature. Amino acids were extracted using 3 %
trichloroacetic acid for 1 h at room temperature. The extracted solutions
(30 pL) were then mixed with 90 pL of assay buffer containing 4 x M9
medium, sodium bicarbonate (1 M), cyanocobalamin (100 nM), and
IPTG (100 mM), followed by analysis according to the standard assay
procedure. Assay precision and reproducibility were evaluated by
calculating recovery rates [% = (measured value/expected value) x
100] and coefficients of variation [CV % = (standard deviation/mean)
x 100].
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Fig. 1. Scheme of a colorimetric strategy for quantifying amino acids using E. coli auxotrophs displaying gold-binding proteins. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Target-induced colorimetric transition via AuNP aggregation mediated by Met_GBP. (a) Real photographs and (b) their corresponding absorbance spectra.
Sample specifications: (1) Free AuNPs, (2) AuNPs dispersed in M9 media, (3) Met_GBP incubated with Met, (4) Met_GBP incubated without Met, (5) Met auxotroph
incubated with Met, (6) Met auxotroph incubated without Met.
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Fig. 3. Confirmation of methionine-induced AuNP aggregation on Met GBP. TEM images illustrate the morphological characteristics of AuNPs incubated with
Met_GBP cells either expressing GBP in the presence of methionine (a) or lacking GBP expression in the absence of methionine (b). EDS spectra and the corresponding
atomic and mass ratios are shown for Met_GBP cells with GBP display (c, d) and without GBP display (e, f). Methionine concentration: 100 pM.
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Fig. 4. Specificity assessment for the detection of ten essential amino acids. (a) Twenty different amino acid solutions were individually added to separate wells of a
96-well plate. (b) Each set of twenty wells was loaded with a single E. coli auxotroph and subjected to the colorimetric assay. The label above each image indicates the

corresponding auxotrophic strain loaded.
3. Results and discussion

3.1. Colorimetric detection of amino acids via AuNP aggregation induced
by GBP-displaying E. coli auxotrophs

Engineered E. coli-based biosensors offer notable advantages,
including simplicity and cost-effectiveness. However, conventional
systems often rely on specialized instrumentation to detect lumines-
cence, fluorescence, or SPR signals generated from reporter gene
expression associated with cell growth (Cevenini et al., 2016; Gupta
et al., 2019; Jiang et al., 2015; Liu et al., 2014). To address these limi-
tations, we developed a cell-based biosensor that retains these advan-
tages while enabling amino acid detection through a visually observable
color change.

Our system employs E. coli auxotrophs genetically engineered to
display GBPs on their surface in the presence of specific amino acids. To
enable detection of all ten essential amino acids, namely arginine, his-
tidine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine,
tryptophan, and valine, we modified previously established auxotrophic
strains (Kim et al., 2014) by introducing the plasmid pTacFadLGBP-1
into each. This plasmid encodes a FadL-GBP fusion protein under the
control of the Tac promoter, allowing GBP to be expressed on the cell
surface only when the corresponding amino acid is available. Successful
surface expression of the fusion protein was confirmed by membrane
fraction analysis (data not shown). Because each auxotroph can grow
only when supplemented with its specific amino acid, GBP expression is
proportional to the amino acid concentration in the sample. We hy-
pothesized that the surface-localized GBP would bind to AuNPs, trig-
gering their aggregation and resulting in a visible pink-to-blue color
shift. This AuNP aggregation-based signal enables both qualitative and
quantitative detection of essential amino acids without requiring
advanced instrumentation (Fig. 1).

To validate the concept of colorimetric detection, we employed the
Met_GBP strain as a model system. A distinct blue color appeared only in
samples containing Met_GBP cells incubated with methionine (100 pM),
indicating successful aggregation of AuNPs. In contrast, control samples
including free AuNPs, AuNPs in M9 medium, Met_GBP without methi-
onine, the Met auxotroph with methionine (100 pM), and the Met
auxotroph without methionine remained pink with no observable color
change (Fig. 2a). These visual results were supported by spectrophoto-
metric analysis, which revealed characteristic absorbance peak shifts
consistent with AuNP aggregation (Fig. 2b). Notably, minor spectral
variations were observed in samples 4, 5, and 6, likely due to the pres-
ence of bacterial cells in the mixtures. The cell surface presents various
functional groups (e.g., amine, carboxyl, and thiol moieties) that can

weakly interact with AuNPs, resulting in marginal nonspecific adsorp-
tion and a subtle redshift (Woo et al., 2016; Tian et al., 2021). Samples 4
and 6 contained bacterial cells (Met_GBP and Met auxotrophs, respec-
tively) without methionine supplementation, leading to no cell growth
or GBP expression but still causing slight perturbations in the absor-
bance signal. In contrast, the Met auxotroph supplemented with
methionine (sample 5) exhibited a somewhat larger shift due to
increased cell density after growth activation, although the absence of
GBP expression prevented specific AuNP aggregation. Similar minor
shifts were also noted for other amino-acid systems (Fig. S1), verifying
that these effects are nonspecific and negligible under practical assay
conditions. Importantly, this minor perturbation phenomenon occurs
only at relatively high amino acid concentrations and is negligible at low
concentrations, thereby minimizing potential interference in practical
diagnostic applications.

TEM further confirmed the presence of aggregated AuNPs on the
surface of Met_GBP cells treated with methionine (Fig. 3a), while no
such aggregation was observed in the Met auxotroph lacking GBP
expression (Fig. 3b). In addition, EDS analysis showed a higher gold
signal in Met_GBP samples exposed to methionine (Fig. 3¢ through 3f),
further validating the specificity of the interaction. Collectively, these
results demonstrate that GBP expression on the bacterial surface, which
is regulated by auxotrophic growth in response to amino acid avail-
ability, induces AuNP aggregation and enables colorimetric detection of
the target amino acid.

3.2. Specificity and quantitative response characteristics of GBP-
displaying auxotrophs

To verify the specificity of the system, we evaluated ten E. coli
auxotrophs engineered to display GBPs, each designed to respond to a
distinct essential amino acid: arginine, histidine, isoleucine, leucine,
lysine, methionine, phenylalanine, threonine, tryptophan, and valine.
For each strain, twenty wells of a 96-well plate were loaded with the
same auxotroph, and twenty different amino acid solutions (100 pM
each) were individually added to the wells, as illustrated in Fig. 4a. The
sequence of the twenty amino acid solutions used in the assay was as
follows: A (alanine), R (arginine), N (asparagine), D (aspartic acid), C
(cysteine), E (glutamic acid), Q (glutamine), G (glycine), H (histidine), I
(isoleucine), L (leucine), K (lysine), M (methionine), F (phenylalanine),
P (proline), S (serine), T (threonine), W (tryptophan), Y (tyrosine), and V
(valine), arranged from left to right and top to bottom.

After incubation, the cells were washed with M9 medium to remove
residual cysteine, which is known to induce nonspecific AuNP aggre-
gation (Apyari et al., 2018). Upon the addition of AuNPs, a rapid color
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Fig. 5. Linear correlation between target amino acid concentrations and colorimetric responses, with corresponding LOD values for ten essential amino acids.

shift (within 1 min) was observed exclusively in wells where the auxo-
trophs were exposed to their corresponding amino acids (Fig. 4b).
Notably, all ten GBP-displaying auxotrophs exhibited a clear blue color
only in response to their target amino acid, while no color change was
observed in any of the mismatched combinations. This result highlights
the high level of molecular recognition achieved by the system, in which
GBP expression is tightly regulated by auxotroph-specific growth and
functions as a reliable trigger for AuNP aggregation. The robustness and
consistency of this colorimetric response across all ten strains support
the specificity and scalability of this approach for multiplexed amino
acid detection. Spectrophotometric analysis of the absorbance ratio
(A700/Asg2) further confirmed AuNP binding and aggregation on the
bacterial surface (Fig. S2), validating the high specificity of this detec-
tion system. These findings underscore the high specificity of each

GBP-displaying E. coli auxotroph toward its cognate amino acid and
highlight the feasibility of extending this concept into a multiplexed
array format for simultaneous detection of multiple amino acids.

To evaluate the quantitative performance of the system, we investi-
gated the linearity of the response across a range of amino acid con-
centrations using all ten GBP-displaying E. coli auxotrophs. Initial
spectral analysis using Met_GBP and Leu_GBP confirmed concentration-
dependent peak shifts in absorbance (Fig. S3). Subsequently, the
absorbance ratio (Aygo/Ase2) was measured as a function of the corre-
sponding amino acid concentration for each strain. All auxotrophs
exhibited strong linear correlations, with R? values exceeding 0.96
(Fig. 5), and detection limits in the low micromolar to sub-micromolar
range, indicating high sensitivity and robustness of the assay. Specif-
ically, the LOD values for arginine, histidine, isoleucine, leucine, lysine,



H.T. Ahn et al.

(a)

PKU

Normal ‘ ' ‘

20 uM 10 uM

. - , " - <.

Patient f ‘ Q N & &
240 pM 134 uM

Homocystinuria

D@ ®

Biosensors and Bioelectronics 294 (2026) 118182

(b)
1.441 mm Normal
1.24 3 Patient

N
o
1

0.8+
0.6+

0.0-—.

A700/As62

e
'Y
]

o
N
1

Fig. 6. Diagnosis of PKU and homocystinuria using clinical dried spot specimens spiked with normal and pathological levels of Phe and Met. (a) Photographs of

colorimetric responses and (b) their corresponding Azgo/Ase2 value.

phenylalanine, methionine, threonine, tryptophan, and valine were
determined to be 0.43, 0.60, 0.75, 0.45, 0.44, 0.53, 0.46, 0.55, 1.04, and
0.90 pM, respectively. These results demonstrate that the platform is
well-suited for detecting clinically relevant amino acid abnormalities
associated with nutritional deficiencies and inborn errors of metabolism.
Although fluorescence-, luminescence-, SPR-, and Raman-based bio-
sensing methods generally provide higher analytical sensitivity, they
typically require complex labeling procedures and expensive detection
instrumentation, limiting their practicality for point-of-care applica-
tions. In contrast, the colorimetric AuNP-based strategy developed here
achieves comparable sub-micromolar sensitivity through a simple, label-
free mechanism, while offering superior accessibility, scalability, and
suitability for decentralized clinical diagnostics. Moreover, compared
with conventional analytical techniques such as tandem mass spec-
trometry (MS/MS) and HPLC, this approach provides distinct advan-
tages in terms of shorter analysis time, lower cost, and reduced
operational complexity (Table S1).

3.3. Clinical application of GBP-displaying auxotrophs for diagnosing
aminoacidopathies

Abnormal blood amino acid concentrations are indicative of various
inherited metabolic disorders that affect amino acid metabolism or
transport (Garg and Dasouki, 2006; Yahyaoui and Pérez-Frias, 2019).
Early detection of such disorders through newborn screening is critical
to prevent irreversible physiological damage. In this study, we focused
on three representative aminoacidopathies: phenylketonuria (PKU,
characterized by elevated phenylalanine), homocystinuria (elevated
methionine), and maple syrup urine disease (MSUD, characterized by
elevated isoleucine, leucine, and valine). For MSUD, leucine was
selected as a representative biomarker among the three branched-chain
amino acids.

To validate the assay’s diagnostic capability, the system was first
applied to differentiate PKU and homocystinuria, both of which can be
diagnosed using a single amino acid marker (phenylalanine and
methionine, respectively). Dried spot samples containing either normal
or elevated levels were analyzed, and the corresponding A7go/Ase2
absorbance ratios, together with visual inspection, clearly confirmed the
assay’s effectiveness (Fig. 6a and b). A distinct pink-to-blue color change
was observed in patient-level samples, along with significantly increased

Table 1
Accuracy and precision in quantifying phenylalanine, methionine, and leucine
from dried spot specimens using GBP-expressing E. coli auxotrophs.

Phe Met Leu

Normal  Patient ~Normal  Patient Normal Patient
Added (pM) 20.0 240.0 10.0 134.0 50.0 422.0
Measured” (pM) 20.2 243.5 10.1 133.4 49.4 424.1
SD 0.8 3.4 0.2 2.4 1.3 5.1
CV (%) 3.9 1.4 1.8 1.8 2.6 1.2
Recovery (%) 100.9 101.5 100.8 99.5 98.9 100.5

? The average value of 5 measurement experiments.

absorbance ratios compared to normal samples.

Following the qualitative validation, we evaluated the quantitative
diagnostic performance of our colorimetric biosensing system by
detecting phenylalanine, methionine, and leucine in clinical dried spot
specimens. The GBP-displaying E. coli auxotrophs reliably distinguished
and quantified both normal and patient-level concentrations for each
target amino acid (Table 1). Elevated concentrations exceeding clinical
thresholds, namely phenylalanine (>200 pM), methionine (>100 pM),
and leucine (>300 pM), were successfully detected with high analytical
precision (coefficients of variation <4 %) and excellent recovery rates
ranging from 98 % to 102 % across all tested samples. Furthermore, to
emphasize the broader applicability of the developed platform, the
clinical relevance and typical pathological concentration ranges of all
ten essential amino acids were summarized (Table S2). With detection
limits in the low-micromolar range, our system offers sufficient sensi-
tivity to identify clinically significant deviations across all essential
amino acids.

These results demonstrate that the auxotroph-based colorimetric
assay provides a robust, low-complexity, and clinically relevant plat-
form for diagnosing amino acid-related metabolic disorders, particularly
in formats compatible with newborn screening. Nonetheless, several
challenges need to be addressed to advance its translational potential.
Specifically, assay speed is constrained by the growth-dependent GBP
expression step, the long-term stability of both engineered cells and
AuNPs requires improvement, and nonspecific matrix effects from
complex biological samples may affect performance. To overcome these
limitations, potential strategies include: (i) genetic optimization to
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enhance GBP expression and accelerate cellular response; (ii) lyophili-
zation or encapsulation approaches to extend shelf life (Ahn et al.,
2021); and (iii) the use of stabilizers to suppress unintended AuNP ag-
gregation. Implementation of these improvements is expected to further
enhance the assay’s sensitivity, reproducibility, and clinical
applicability.

4. Conclusions

This study introduces the first colorimetric biosensing platform for
amino acid detection and aminoacidopathy diagnosis based on E. coli
auxotrophs expressing GBP. By engineering bacterial cells to display
GBP on surface in proportion to target amino acid concentrations, we
successfully achieved target-induced aggregation of AuNPs, conse-
quently resulting in a rapid and visible pink-to-blue color change. The
system demonstrated excellent specificity, linearity, and sensitivity,
achieving detection limits in the micromolar range with excellent
resistance to interference from complex physiological matrices. Clini-
cally relevant levels of phenylalanine, methionine, and leucine were
successfully quantified from dried spot specimens, allowing accurate
differentiation between normal and pathological concentrations. This
enabled reliable diagnosis of PKU, homocystinuria, and MSUD without
the need for specialized instrumentation or advanced analytical infra-
structure. The assay provides a simple, scalable, and cost-effective
alternative to conventional amino acid analysis while maintaining
compatibility with standard spectrophotometric quantification when
required.
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