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Abstract

A novel enzyme-induced metallization colorimetric assay was developed to monitor and measure
beta-galactosidase (#gal) activity, and was further employed for colorimetric bacteriophage
(phage)-enabled detection of Escherichia coli (E. coli). This assay relies on enzymatic reaction-
induced silver deposition on the surface of gold nanorods (AuNRs). In the presence of #-gal, the
substrate p-aminophenyl f-D-galactopyranoside (PAPG) is hydrolyzed to produce p-aminophenol
(PAP). Reduction of silver ions by PAP generates a silver shell on the surface of AUNRSs, resulting
in the blue shift of the longitudinal localized surface plasmon resonance (LSPR) peak and multi-
color changes of the detection solution from light green to orange-red. Under optimized
conditions, the detection limit for f-gal was 128 pM, which was lower than the conventional
colorimetric assay. Additionally, the assay had a broader dynamic range for f-gal detection. The
specificity of this assay for the detection of f-gal was demonstrated against several protein
competitors. Additionally, this technique was successfully applied to detect £. coli bacteria cells in
combination with bacteriophage infection. Due to the simplicity and short incubation time of this
enzyme-induced metallization colorimetric method, the assay is well suited for the detection of
bacteria in low-resource settings.
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1. Introduction

Bacterial infectious diseases cause approximately one third of all global deaths.1~3 Accurate
and early detection of bacterial pathogens can lead to immediate and effective actions to
prevent or curtail foodborne and waterborne pathogen outbreaks.* However, many of the
current gold-standard methods to identify pathogenic bacteria require at least 18 hours from
sampling to results.® This slow time to answers creates an urgent need to develop rapid and
reliable methods to detect bacteria in environmental, food, and water matrices.
Compounding the challenge is the desirability for these methods to be useful in in resource-
limited settings.5-10 A colorimetric assay that does not rely upon advanced instrumention
and skilled operators would be a promising method for rapid detection of bacterial
pathogens. Furthermore, colorimetric methods linked to enzymatic reactions have been
widely accepted for their practicality and simplicity.# 11 12 Enzyme-induced colorimetric
detection of bacteria is based on monitoring and measuring a color change resulting from
enzymatic activity via a biochemical reaction of corresponding substrates.11-13
Unfortunately, current enzyme-induced colorimetric detection strategies do not have
sensitive color changes, and are therefor semiquantitative.1* Hence, a novel enzyme-induced
multi-colorimetric assay with high-sensitive color change is of great significance.

Plasmonic noble metal (gold and silver) nanomaterial-enabled colorimetric detection
strategies provide rapid, sensitive sensing based on their unique optical properties.15-17
Interparticle crosslinking or destabilized aggregation of plasmonic metal nanoparticles has
been used to detect DNA, cancer cells, heavy metal ions, and bacterial cells.2® 17 Compared
with the similarly sized gold spherical nanoparticles, gold nanorods (AuNRs) have been
reported to perform better due to an inherently higher sensitivity to local dielectric
environment.18 19 AuNRs have two localized surface plasmon resonance (LSPR) peaks: the
transverse LSPR peak and the longitudinal LSPR peak. The transverse LSPR band locates
around 520 nm, and the longitudinal absorption band locates from visible to near-infrared
(NIR) absorption band depending on the aspect ratio (AR, length divided by width) of
AuNRs.12:20-23 The |ongitudinal LSRP peak shifts to shorter wavelength (blue shift) with
the decreasing of AR.24 It has been demonstrated that depositing silver shell on the surface
of AuNRs can change the AR of AuNRs, resulting in distinctive multicolor change.?l: 25
The changes in color have been successfully utilized in an investigation into the affects of
time and temperature on food freshness.2! While previous publications have reported to
detect alkaline phosphatase and aminophenol, this technique has not been applied to the
monitoring and measurement of beta-galactosidase ($-gal) activity, which can be served as
an indicator for the detection of £. colicells in clinical or food samples.26: 27

In this work, we utilized enzyme-induced silver metallization on the surface of AuUNRs for
both high-resolution colorimetric monitoring and measurement of #-gal activity. Our sensing
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strategy incorporates f~gal for hydrolyzation of substrates into weak reduction agents, which
can reduce silver ions to generate a silver shell on the surface of AUNRs. The decrease of
AR resulted in the blue shift of the longitudinal LSPR peak of AuNRs and an obvious color
change from light green to orange-red. This method was employed to detect Escherichia coli
(E. coli) in aqueous solutions using f-gal activity as a direct readout for £. coli
concentrations. The bacterial cells were infected with T7 bacteriophages (phages) to release
Fgal for enzyme-induced colorimetric detection. This phage-based system is advantageous
compared to an antibody-based platform because of their specificity for target bacterial cells,
their ability to distinguish between live and dead cells, and their low cost.28-31 Once
released, the f~gal induces a metallic silver deposition on the surface of AuNRs. f-Gal
activity and the blue shift of the longitudinal LSPR peak were directly related to the
concentration of target £. coli cells. This enzyme-induced metallization colorimetric assay
has the potential to be integrated into point-of-care devices for detection of bacterial
concentration in low-resource settings.

2. Results and Discussion

2.1. Sensing Mechanism of Enzyme-Induced Colorimetric Assay

The principle of the AuNR-based multi-colorimetric assay using enzyme-induced
metallization is shown in Scheme 1. In the absence of f-gal, the unhydrolyzed PAPG cannot
reduce the silver ions to metallic silver. In this case, the color of the solution remains the
initial color of AuNRs (light pink color). When f-gal is present, it cleaves PAPG into
galactoside and a reducing agent PAP, which in turn reduces silver ions. In the presence of
AUNRs, the reduced metallic silver coats the surface of AuUNRs, resulting in a multi-color
shift of the sample solution. The color of the solution varies from light green to orange-red
corresponding to the #-gal concentration.

2.2. Characteristics and Control Experiments for Enzyme-Induced Colorimetric Assay

AUNR synthesis with different ARs generated using seed-mediated growth has been reported
previously. 20: 32 |n this study, AuNRs with an AR of appropriately 5.1 were used for
colorimetric detection. Based on the sensing mechanism, nanorods with higher aspect ratio
should work better. Upon deposition of metallic silver on the surface of nanorods, the aspect
ratio decreased and finally became zero. Thus, the larger aspect ratio has more room to
decrease, providing broader detectable linear range. In Figure 1a, the transmission electron
microscopy (TEM) image shows the synthesized AuNRs with a length of 59 + 8 nm and a
width of 11 + 1 nm. The AuNRs were coated with poly (4-styrenesulfonic acid) (PSS),
resulting in a negative surface charge. The negative charges of the nanorods allowed
colloidal stability and prevented aggregation, allowing them to be dispersed in phosphate
buffer (PB) solution. The absorbance spectrum of AUNRs-PSS shows transverse and
longitudinal plasmon bands at 510 and 885 nm, respectively (Figure S1). Compared with
AUNRs-CTAB in Mill-Q water, slight shifts were observed in the transverse and longitudinal
plasmon bands.

This sensing procedure was validated with the following control experiments, with the
absorbance spectra of these experiments shown in Figure 1c. The blue shift of the
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longitudinal LSPR peak occurred in the presence of AgNOs, fgal, PAPG, and AuNRs. In
the absence of f~gal and PAPG, enzymatic hydrolysis (PAP) caused a similar blue shift of
the longitudinal LSPR peak, indicating that f-gal and PAPG solutions were key for the
reduction of silver ions to form silver shell on the surface of AuUNRs. Meanwhile, the color
changes of AUNR solutions were measured (Figure 1d). These results demonstrated that our
design has the ability to specifically detect f-gal concentration.

After adding fgal into the PAPG, AgNOg3, and AuNRs solution, the color change of
solution was triggered by the deposition of metallic silver on the surface of AUNRs. To
confirm the presence of a silver shell on the surface of AuNRs, the morphology of the
AuUNRs before and after enzyme-induced metallization were characterized using
transmission electron microscopy (TEM). The resulting TEM images and energy-dispersive
X-ray (EDX) elemental mapping images of AuNRs are shown in Figure 1a, b. Previous
studies have reported that the metallic silver was preferably deposited on the transverse
direction (body side) of AuNRs.2% 33 In our study, the silver shell on the body sides of
AUNRs was observed in Figure 1b. The deposition of Ag shell on the surface of AUNRs was
further investigated using HRTEM-EDX. In Figure 1a,b, the corresponding EDX Ag (red
color) and Au (green color) mapping images confirmed also the coating of metallic silver on
the surface of AUNRs. The Ag peaks in the EDX spectrum were observed after the enzyme-
induced metallization (Figure S2).

Because the silver preferably deposited on the transverse direction of the AuNRs rather than
the longitudinal direction, the reaction resulted in the decrease of the AR of the nanorod
structure. Lower ARs generate greater blue shift of the longitudinal LSPR peak in the
absorbance spectrum. Moreover, compared with Au nanocrystals of the same shape and size,
Ag nanocrystals showed a shorter plasmon resonance.14 21 Therefore, both enhanced
absorbance intensity and blue shift of the longitudinal LSPR peak were observed after
enzyme-induced Ag metallization on the surface of AuNRs (Figure 1c).

2.3. Analytical Performance for Colorimetric Detection of g-Gal Concentration

Before analytical performance, experimental parameters were optimized (Figure S3). Using
the aforementioned optimized conditions, varying concentrations of f-gal were used to
evaluate the sensitivity and dynamic range of the enzyme-induced metallization colorimetric
assay. First, the f~gal solutions were incubated with PAPG solution to produce the reducing
reagent PAP. After incubation for 30 minutes, the hydrolyzed PAP was added into the
detection solution to reduce silver ions. We used the absorbance spectra to monitor the
change of AuNRs in varying f-gal concentrations (Figure 2a). The longitudinal LSPR peak
shifted from 885 nm to 520 nm, and the absorbance intensity of longitudinal LSPR peak
likewise increased with the increasing of f-gal concentrations. The blue shift of the
longitudinal LSPR peak (A\max) Was plotted against the f~gal concentration. As shown in
Figure 2b, the A\may increased with the increasing of f-gal concentration, and a dynamic
relationship between A\max and f-gal concentration in a range from 0.1 nM to 10 nM was
observed. The limit of detection (LOD) of 0.128 nM was calculated using 3o¢ontrol/slope,
where ocontrol Was the standard deviation of control samples, and the slope was from the
linear range. As shown in Figure 2c, the detection solutions exhibited a color shift from light
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green to orange-red as compared to the control. The distinct multicolor changes at the
concentration of 2.0 nM can be easily identified visually.34 35

For comparison, a conventional colorimetric assay for the detection of f-gal concentration
using ONPG as enzymatic substrate was performed. As shown in Figure S4a, the absorbance
spectra of detection solutions indicated the absorbance wavelength at 405 nm had the
maximum absorbance intensity (A4osnm). The absorbance intensity at the wavelength of 405
nm versus f-gal concentration with ONPG as enzymatic substrate was plotted in Figure S4b.
It was clearly observed that the absorbance intensity increased with the increasing of /gal
concentration and leveled off after the f-gal concentration of 2 nM. The dynamic range of
conventional colorimetric method was from 0.1 nM to 2 nM, far narrower than that of our
proposed colorimetric assay. For the ONPG method, the color shift of the detection solution
went from colorless to yellow (Figure S4c). This shift is therefore difficult to identify
visually. The results indicated that the ability to monitor and measure f-gal activity was
improved in limit of detection, dynamic range, and colorimetric output using our proposed
assay.

To evaluate the specificity of our present AUNR-based colorimetric assay for f-gal detection,
control experiments were conducted using competing proteins (5 nM), including, a-
chymotrypsin (ChT), glucose oxidase (GOX), alkaline phosphatase (PhosB), lipase (Lip),
myoglobin (Mayo), and bovine serum albumin (BSA). As shown in Figure 3a, an obvious
blue shift of the longitudinal LSPR peak in the absorbance spectra was observed only in the
presence of f-gal; the Ahmax Of competing proteins are plotted in Figure 3b. In contrast to
solutions with f-gal, we did not observe a change in color in the control experiments,
(Figure 3b). Thus, these results revealed that our present enzyme-induced silver
metallization on the surface of AUNRs assay had specifically detects f-gal activity.

2.4. Application for AuNR-Based Colorimetric Detection of E. coli

We next used our enzyme-induced metallization colorimetric assay to detect £. coli cells. /-
gal is an essential enzyme in the inducible lactose transport and metabolism system of £.
coli, and can be used as an indicator for their presence.36-40 Because phages can distinguish
between live and inactive bacteria, their use as detection probes reduces the possibility of
false-positive results.28 As shown in Figure 4a, the detection process can be divided into two
steps: (i) phage infects and lyses the target bacterial cells, resulting in the release of f-gal
into the sample solution, and (ii) determination of the released f-gal concentration from
bacterial cells was determined using our present colorimetric assays. As a result, the
bacterial concentration can be determined using UV-vis absorbance spectra, or conveniently
by the naked eyes.

E. coli BL21 was selected as model analyst, and bacteriophage T7 as the infecting phage
were published previously.3%: 31 This AuNR-based colorimetric assay combined the
advantage of phage-based detection can specifically detection viable £. colicells. As shown
in Figure 4b, the different blue shifts of the longitudinal LSPR peak were observed. The
N\mnax Of different bacterial concentrations were also plotted in Figure 4c, revealing that we
could reproducibly detect 1 x 104 colony forming units (CFU) mL™1 (p < 0.05). Compared
with previously reported methods to detect E. coli, at least one log decrease of detection
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limit was obtained using our developed method.3”: 41 The images show the color of the
detection solution shifting from light red to green to pale (Figure 6c, insert). As shown, the
LOD based on the visual results was 1 x 10° CFU-mL™1. In our previous publication, we
have demonstrated that incorporating a pre-enrichment step can help us detect £. coli cells at
low concentrations by monitoring p-gal activity.3% Thus, these results demonstrated that our
present colorimetric assay could successfully detect bacterial concentrations.

3. Conclusion

In summary, a simple and rapid enzyme-induced metallization colorimetric assay has been
successfully employed to monitor and measure S-gal activity. Compared with conventional
ONPG-based colorimetric assay, our proposed method has a much broader dynamic range
(0.1-10 nM) for the detection of f-gal concentration. This system also provided a rapid and
distinctive colorimetric readout for visual detection of the f~gal concentration. Furthermore,
we combined this assay with phage lysis to improve the detection of E. colicells. The
proposed technology has the ability to be fabricated into inexpensive, portable, friendly-to-
user, and disposable devices, providing a benefit to their respective industries, especially if
used in resource-limited settings.

4. Experimental Section

Chemicals and Materials

Experimental Details. Cetyltrimethylammonium bromide (CTAB), chlroauric acid trihydrate
(HAuUCly,), L-ascorbic acid (AA), poly (4-styrenesulfonic acid) (PSS), f-galactosidase (4
gal), p-aminophenyl f-D-galactopyranoside (PAPG), a-chymotrypsin (ChT), glucose
oxidase (GOx), alkaline phosphatase (PhosB), lipase (Lip), myoglobin (Mayo), and bovine
serum albumin (BSA) were purchased Sigma Aldrich (Saint Louis, MO). Silver nitrate
(AgNO3) was purchased from Acros Organics (Morris Plains, NJ). Sodium borohydride
(NaBHjy), hydrochloric acid (HCI), O-nitrophenyl-/#-galactoside (ONPG) sodium chloride
(NaCl), potassium phosphate monobasic, sodium phosphate dibasic, agar, tryptone, and
yeast extract were purchased from Fisher Scientific (Fair Lawn, NJ). All chemical were used
as received. Mill-Q (MQ) water with 18.2 MQ -cm at 25 °C was used throughout the all
experiments.

Synthesis and coating of AuUNRs

The AuNRs stabilized with CTAB were synthesized using the seed-mediated growth
method.12: 21, 22 For seed solution, HAUCI, solution (0.25 ml, 0.01 M) was added into
CTAB solution (9.75 mL, 0.1 M) under magnetic stirring. The freshly prepared ice-cold
NaBH, solution (0.6 mL, 0.01 M) was then added quickly. The solution was aged for 2
hours at 30 °C before use. The growth solution was prepared by mixing HAuCl4 solution
(2.0 mL, 0.01 M), AgNOg3 solution (0.4 mL, 0.01 M), HCI solution (0.8 mL, 0.1 M), and
CTAB solution (40 mL, 0.1 M). AA solution (0.32 mL, 0.1M) was then added to reduce the
gold salt. The seed solution (200 pL) was added until the growth solution became colorless.
To grow the AuNRs, the mixture solution was kept at 30 °C overnight. The AuNRs were
collected and washed by centrifugation (1000 xg, 20 minutes) and redispersion in Mill-Q
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water twice. PSS (0.5 mL, 10 mg mL™1) in NaCl solution (5 mL, 10 mM) was added and
incubated for 30 minutes in room temperature. Excess CTAB and PSS were removed by
centrifuging twice at 1000 xg for 20 minutes. Finally, the AuNRs with transverse and
longitudinal plasmon bands at 510 and 885 nm were suspended into Mill-Q water. The
AUNRs solution was diluted with an expected absorbance intensity of approriately1.000 at
858 nm.

AuNRs-based colorimetric monitoring of p-gal Concentration

Different concentrations of f-gal solution (25 pL) were added into PAPG solution (25 L,
1.2 mM) in centrifuge tubes, respectively. The mixture solutions were gently agitated and
incubated at 37 °C for 30 minutes. The enzymatic hydrolyses (50 puL) were added into
detection solutions, which consisted of AuNRs solution (100 pL, Abggs nm = 1.0), AgNO3
solution (10 uL, 10 mM), and PB (100 puL, 10 mM, pH 7.4). The absorbance spectra of the
resulting solutions (200 pL) were recorded using UV-vis spectrophotometry with a
wavelength range of 300-940 nm. The specificity to detect f-gal was investigated using
competing proteins (ChT, GOx, PhosB, Lip, Mayo, and BSA).

Bacterial culture and bacteriophage

The E. coliBL21 and T7 phage were used in this study. A single colony of £. coliwas
selected and added into lysogeny broth (LB) and grown overnight at 37 °C under 200 rpm
agitation. The £. coli stock was prepared by centrifugation at 6000 xg for 2 minutes and
resuspended in PB (10 mM, pH 7.4). The process was repeated for a total of three times. The
concentration of £. coli cells was enumerated on a LB agar plate to confirm the visible
counts (CFU-mL™1). The preparation and tittering of T7 phages were reported by our
previous publications.39: 42

Detection of E. coli using AuNR-based colorimetric assay

The E. colistock was serially diluted into varying concentrations using PB. Each
concentration (25 pL) was added into sterile centrifuge tube containing PAPG solution (25
L, 12 mM), phage solution (50 pL, appropriately 4.4 x 107 PFU-mL™1), and PB (150 L,
10 mM). In order to allow the phage infection and enzymatic reaction, the mixtures were
gently agitated and incubated at 37 °C for 2 hours. The enzymatic hydrolyses (50 uL) were
added into detection solutions consisting of AUNRs solution (100 pL, Abggs nm = 1.0),
AgNO3 solution (10 pL, 10 mM), and PB (100 L, 10 mM). Finally, each produced color
solution (200 pL) was measured using UV-vis spectrophotometry from 300 to 940 nm.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
TEM images of AuNRs (a) before and (b) after silver deposition (their corresponding EDX

elemental mapping images of silver and gold were displayed on the right of their TEM
images). Control experiments of the enzyme-inducted metallization colorimetric detection.
(c) UV-vis absorption spectra and (d) table of reagents added to each tube of (i) AGNO3 +
PAPG + AuNRs, (ii) AgQNO3 + f-gal + AuNRs, (iii) f~gal + PAPG + AuNRs, (iv) AgNO3 +
p-gal + PAPG, (v) AgNO3 + #gal + PAPG + AuNRs, and (vi) AgNO3 + AuNRs + PAP.
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Figure 2.
The colorimetric detection of fgal concentration using enzyme-induced metallization of

gold nanorods. (a) UV-vis absorption spectra, (b) the blue shift in the longitudinal LSPR
peak (insert: linear range, the solid and dash lines indicates the average and + 3 standard
deviation of A\nax OF control samples), and (c) photographs of multi-colorimetric assay
toward various concentrations of f-gal.
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Figure 3.
The specificity of this proposed method for f-gal against common competing proteins (5

nM): ChT, GOx, PhosB, Lip, Mayo, and BSA. (a) UV-vis absorption spectra of the
colorimetric assay toward various protein competitors. (b) The blue shift in the longitudinal
LSPR peak of the specificity of f-gal against various protein competitors (insert: the
corresponding photographs). Error bars represent the standard deviation of three replicates.
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Figure 4.
(a) Schematic illustration of the enzyme-induced metallization colorimetric assay for the

detection of £. coli cells: (i) phage infection of £. coli cells to release f-gal, and (ii) the
signal generation based on enzyme-induced silver metallization on the surface of AuNRs.
(b) UV-vis absorption spectra of the colorimetric assay toward various £. co/i BL21
concentrations. (c) The blue shift in the longitudinal LSPR peak towards various E. coli
BL21 concentrations (insert: the corresponding photographs). Error bars represent the
standard deviation of three replicates. Significant values (t-test) were marked by an asterisk
(*, 0.01 < p <0.05) and two asterisks (**, p < 0.01), respectively.
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Scheme 1.

Sensing mechanism of enzyme-induced AuNR-based colorimetric assay for the monitoring
and measuring of f-gal concentration. Three steps are involved: (i) #-gal converts PAPG into
PAP serving as weak reducing agent, (ii) PAP reduces silver ions to metallic silver, and (iii)
the AuNRs are coated with metallic silver, resulting in various colorful detection solutions.
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