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ABSTRACT: As known biomarkers of kidney diseases, N-acetyl-β-D-glucosaminidase (NAG) and β-galactosidase (β-GAL) are of
great importance for the diagnosis and treatment of diseases. The feasibility of using multiplex sensing methods to simultaneously
report the outcome of the two enzymes in the same sample is even more alluring. Herein, we establish a simple sensing platform for
the concurrent detection of NAG and β-GAL using silicon nanoparticles (SiNPs) as a fluorescent indicator synthesized by a one-pot
hydrothermal route. p-Nitrophenol (PNP), as a common enzymatic hydrolysis product of the two enzymes, led to the attenuation of
fluorometric signal caused by the inner filter effect on SiNPs, the enhancement of colorimetric signal due to the increase of intensity
of the characteristic absorption peak at around 400 nm with increasing reaction time, and the changes of RGB values of images
obtained through a color recognition application on a smartphone. The fluorometric/colorimetric approach combined with the
smartphone-assisted RGB mode was able to detect NAG and β-GAL with good linear response. Applying this optical sensing
platform to clinical urine samples, we found that the two indicators in healthy individuals and patients (glomerulonephritis) with
kidney diseases were significantly different. By expanding to other renal lesion-related specimens, this tool may show great potentials
in clinical diagnosis and visual inspection.

■ INTRODUCTION
The kidney is a vital organ; kidney injuries leading to severe or
progressive chronic kidney diseases can seriously jeopardize
human health and largely increase the probability that the
conditions of patients deteriorate into end-stage kidney
diseases, thus improving morbidity and even mortality in
patients.1 Glomerulonephritis as a heterogeneous group of
disorders presents with edema, oliguria or anuria, hyper-
tension, proteinuria, hematuria, and renal hypofunction to a
variable degree.2 Whether a causal approach or a histopatho-
logical pattern-based approach, glomerulonephritis can be
subdivided into many different categories, and all glomer-
ulonephritis disorders can occur as periods of exacerbation.3

Since the development of glomerulonephritis also causes other
severe lesions, increases cancer risk, and even threaten life of
human,4 it is of vital importance to create new methods for the
screening of incipient glomerulonephritis or seek sensitive and
reliable biomarkers to stratify at-risk patients in accordance
with the progressive renal function decline.

Traditional markers or measures of kidney function
including albuminuria, hematuria, blood urea nitrogen, serum
creatinine and urinary creatinine, urine sediment, etc.,5,6

however, are not true markers of kidney injury or dysfunction7

since they are neither specific nor sensitive, showing
incapability of adequately responding before the considerable
loss of renal function. N-Acetyl-β-D-glucosaminidase (NAG)
and β-galactosidase (β-GAL) are both lysosomal hydrolases,8,9

and they cannot be filtered through the basal glomerular
membrane due to their high molecular weight (NAG of 140
kDa and β-GAL of 465 kDa).7 Thus, their concentrations in
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the urine of healthy people are low, and elevated urinary NAG
and β-GAL are exclusively caused by their secretion from
damaged tubular cells when intracellular damage is deter-
mined.7,8 NAG and β-GAL that are divided into different
indicators of renal glomerular function according to the
pathophysiology of renal diseases are true markers of kidney
injury,7 as they are enzymes released from damaged tubular
cells and related to the development of kidney injury,8

possessing great potentials in biomedical research and clinical
chemistry. Although dozens of lysosomal enzymes have been
investigated, only those possessing larger molecular weights
(>80 kDa), higher tissue specificity, and high stability in
biospecimens, such as NAG and β-GAL, could be considered

for clinical purposes.10 Moreover, it has already been verified
that NAG is a more specific and susceptible biomarker for
renal impairment.11,12 Obviously, it is difficult to accurately
identify the underlying disorders with NAG alone as a single
urinary enzyme index since many clinical variables in different
cases could affect NAG levels.12 Finding correlations between
NAG and other biomarkers can help for further differentiation
and follow-up inspection of diseases.12 Senescence-associated
β-GAL has been reported to be upregulated to varying degrees
in several renal diseases according to the literature;13 there are
also studies exploring the interactive correlation between
kidney diseases and cell senescence, leading to progressive
deterioration of renal function.13,14 Certain differences in

Scheme 1. Schematic Illustration Showing the Monitoring of NAG and β-GAL by the Proposed Nanoprobea

a(A) Synthesis of the fluorescent SiNPs; (B) mechanism of monitoring NAG and β-GAL via colorimetric and fluorescent dual-mode signals; (C)
RGB analysis of the smartphone-assisted method via a color recognizer APP.
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excretions of NAG and β-GAL in various stages of several
different diseases, especially renal lesions, were enumerated in
many articles as well.10,15−17 Therefore, the simultaneous
determination of NAG and β-GAL can be greatly meaningful,
which contributes to ascertaining the duration and severity of
lesions, discriminating between various kinds of kidney
disorders, estimating the clinical outcome, and monitoring
responses during the whole process from early detection to
longitudinal tracking for later treatment.
Thus far, other than traditional colorimetric methods, only a

few new methods, including electrochemiluminescence im-
munosensor18,19 and enzyme-activated fluorescent method,20

have been reported for NAG detection, likely due to the
restriction by their complicated pretreatment procedures or
high cost. Techniques for quantitatively determining the β-
GAL activity have been developed, including surface-enhanced
Raman scattering (SERES),21 single photon emission
computed tomography (SPECT),22 positron emission tomog-
raphy (PET),23 bioluminescence,24 chemiluminescence,25

electrochemistry,26 colorimetry,27 and fluorometry.28 Fluor-
ometry has many extraordinary advantages including simple
operation, high sensitivity, and real-time visualization abil-
ity.29,30 However, techniques for concomitant, sensitive
detection of both enzymes are rare. Among different
fluorescent nanomaterials, silicon nanoparticles (SiNPs), as
burgeoningly developed nanomaterials, inherently have supe-
rior intrinsic characteristics and many advantages31,32 (e.g.,
robust fluorescence, low toxicity, storage stability, and
favorable biocompatibility). For these reasons, they have
been considered as propitious alternatives to organic dyes,
heavy metal quantum dots, and noble metal nanoparticles.33,34

Herein, a smartphone-assisted multimode strategy based on
fluorescent SiNPs was proposed for the simultaneous
determination of NAG and β-GAL (Scheme 1). The water-
dispersible, green fluorescent SiNPs were synthesized by a one-
pot hydrothermal route and used as an eye-catching
fluorescence indicator, since most nanodots emitted blue
fluorescence. Along with the generation of p-nitrophenol

(PNP), which is the common catalysis product of the two
enzymes, the absorption at around 400 nm (reflects color) of
the system was gradually enhanced, while the fluorescence
intensity of SiNPs was incrementally restrained due to the
inner filter effect (IFE). The specific recognition of enzymes to
their corresponding substrates endowed the method with
excellent selectivity and specificity, while the colorimetric and
fluorescent dual signal guaranteed accuracy and credibility of
the detection results. In addition, with the aid of a color
recognizer application (APP) on a smartphone instead of
complex instruments, color changes were captured, recognized,
and then converted into numerical values described in the
RGB mode, allowing for quantitative detection since naked
eyes cannot distinguish such slight color differences.
Accordingly, a smartphone-assisted triple-channel signal

sensor was fabricated and used for the simultaneous tracking
of NAG and β-GAL and was further applied in the detection of
human serum and urine samples. The test results of real and
spiked samples could be demonstrated reciprocally by
fluorescent/colorimetric dual mode, which is indicative of
the reliability of the sensor, as well as its potential applicability
in the field of kidney disease diagnosis. Urine samples of
patients with early-stage glomerulonephritis were also tested by
our methods; it was observed from our findings that urinary
excretion of the two enzymes was higher in patients with
glomerulonephritis than those in normal people, further
proving that the combinational determination of NAG and
β-GAL may help for the early clinical diagnosis of kidney
disorders.

■ EXPERIMENTAL SECTION
Synthesis of SiNPs. Fluorescent SiNPs were prepared by a

one-pot hydrothermal method reported previously35 with
slight modifications, and the details are presented in the
Supplementary Information, S2.1.

Monitoring of NAG and β-GAL in Standard Solutions
and Real Samples. For NAG in standard solutions, 500 μL
of PB solution (200 mM, pH = 7.0), 200 μL of PNP-Nag

Figure 1. (a) Fluorescence emission spectra of SiNPs measured under various excitation wavelengths. (b) Fluorescence excitation and emission
spectra of SiNPs and UV−vis absorption spectra of SiNPs and PNP. (c) Salt tolerance of SiNPs. (d) Fluorescence intensity of SiNPs measured at
various pH values excited at 420 nm.
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solution (5 mM), 200 μL of NAG solution at a certain
concentration ranging from 0.01 U/L to 500.00 U/L, and 100
μL of SiNPs were in sequence added to a 2 mL centrifugal
tube. Then, the solutions were homogeneously mixed and
shaken up thoroughly in an oscillator at 37 °C for 60 min.
Finally, the fluorescence spectra (excited at 420 nm) and UV−
vis absorption spectra of the ultimate solutions were measured
in a 1 cm quartz cuvette.
For β-GAL in standard solutions, 500 μL of PB solution

(200 mM, pH = 7.4), 200 μL of PNP-Gal (7 mM), 200 μL of
β-GAL solution at a certain concentration ranging from 0.01
U/L to 2000.00 U/L, and 100 μL of SiNPs were successively
added to a 2 mL centrifugal tube. After that, the mixture was
incubated with shaking at 37 °C in the dark for 70 min. The
rest of the procedures were the same as for the measurements
of NAG by the fluorescent approach and colorimetric method.
All of the analytical conditions were optimized (Figures S3 and
S4).
The determination of NAG and β-GAL activities in real

samples can be found in the Supplementary Information, S2.2.
The ratio of the fluorescence decrease (Rfd) was calculated

to indicate the efficiency of IFE, the factor associated with the
measurement of the two enzymes, by the following formula

F F
F

Rfd 100%0

0
= ×

where F0 and F represent the fluorescence emission intensity of
the blank sample and the standard (or real) sample,
respectively.

Fabrication of Smartphone-Assisted Platform. Since
the colors of the test solutions varied with the concentrations
of the enzymes, smartphone-assisted RGB assay was utilized
for rapid and convenient analysis of NAG or β-Gal activity.
The details of the preparation are described in the
Supplementary Information, S2.3.

■ RESULTS AND DISCUSSION
Characterization of SiNPs. As shown in Figure S1, SiNPs

were evenly dispersed spheres with an average diameter of 3.5
nm.
The Fourier transform infrared (FT-IR) spectroscopy was

employed to examine the formation of SiNPs (Figure S2a),
and X-ray photoelectron spectroscopy (XPS) analyses were
further applied to identify their surface functional groups
(Figure S2b−f). Detailed descriptions are listed in the
Supplementary Information, S3.

Optical Properties of SiNPs. Optical properties of SiNPs
were examined by fluorescence spectroscopy (Figure 1a) and
UV−vis absorption spectroscopy (Figure 1b). The prepared

SiNPs had the maximum fluorescence emission wavelength of
512 nm under an excitation wavelength of 420 nm. As the
excitation wavelength was varied from 350 to 470 nm, the
fluorescence emission peak was nearly unchanged, demonstrat-
ing that the size-dependent emission behavior of SiNPs was
negligible. The luminescence quantum yield (QY) of SiNPs in
an aqueous solution was determined to be 21.44%. The UV−
vis absorption band at 422 nm may be generated as a result of
the surface defect-induced trapping of excited-state energy,36

which can lead to strong emission.
The SiNPs had excellent stability in NaCl at a high

concentration of 100 mM, an indication that they have high
salt tolerance (Figure 1c). Furthermore, the impact of
environmental pH on the fluorescence of SiNPs was also
investigated (Figure 1d). The results showed that alkaline pH
enhanced the fluorescence emission intensity of SiNPs, which
could be attributed to the surface charge variation caused by
protonation/deprotonation.37

Sensing Mechanism of the System. PNP-Nag was
selected as the substrate for NAG, while PNP-Gal was chosen
as the β-GAL substrate. The enzymatic hydrolysis product of
both NAG and β-GAL from their respective substrates is p-
nitrophenol (PNP), which was involved in the reaction as an
absorber. Additionally, unmodified SiNPs acted directly as a
fluorophore emitting the fluorescent signal. As shown in Figure
2, the fluorescence of the system hardly fluctuated in the
presence of only SiNPs and enzyme substrates, while that was
significantly attenuated and quenched in the presence of
SiNPs, enzymes, and their corresponding substrates or in the
presence of SiNPs and PNP. The influences of enzymes,
substrates, PNP, and their different combinations with SiNPs
on the UV−vis absorption were also examined. As exhibited in
Figure S5, both PNP-Nag and PNP-Gal showed the maximum
UV−vis absorption peak at 300 nm, which had no effect on
either the excitation or emission of SiNPs. By contrast, the
peak for enzymatic reaction product (PNP) was shifted to
around 400 nm, which greatly overlapped with the
fluorescence excitation spectrum of SiNPs, therefore meeting
the prerequisite for FRET and IFE (i.e., spectral overlap).38,39

Thus, the quenching mechanism appeared to first stem from
IFE or FRET.
Fluorescence resonance energy transfer (FRET) is a

nonradiative energy-transfer process that occurs under the
excited state of the energy donor and leads to simultaneous
fluorescence quenching and lifetime shortening of fluoro-
phores.39,40 Generally, measuring the fluorescence lifetime is
an accurate way to determine whether or not a quenching
process is a dynamic process since the fluorescence decay can
provide the excited-state information of the fluorophore.41 As
can be seen in Figure 3a,b, the fluorescence lifetimes of SiNPs

Figure 2. Fluorescence variations of SiNPs mixed with different substrates in (a) NAG-sensing system and (b) β-GAL-sensing system.
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in the two enzyme systems remained almost unchanged,
indicating that the fluorescence quenching of SiNPs could not
be ascribed to the perturbation of the excited state; thus, the
dynamic quenching effect and FRET could be ruled out.
Furthermore, FRET also depends upon the relative orientation
of the donor and the transition dipoles of the acceptor, thus
limiting the distance strictly to less than 10 nm,42 whereas IFE
does not need to meet this requirement. As shown in Figure
S6, the electrostatic interactions in these two sensing systems
were investigated, from which the zeta potential of SiNPs in
the NAG-sensing system was found to be −0.482 mV (pH 7.0)
and that in the β-GAL-sensing system was −0.709 mV (pH

7.4). In addition, both the mixture of SiNPs with substrates
and that with substrates and enzymes were negatively charged,
which is indicative of a relatively long distance between SiNPs
and fluorescence quencher PNP due to electrostatic repulsion.
The above evidence further proved that FRET was not part of
the possible quenching mechanism. Yet, IFE stemmed from
radiative energy transfer resulted in the perturbation of ground
state of fluorophores, causing the fluorescence lifetime to
remain unchanged after the quencher was introduced.43,44

Moreover, different excitation wavelengths can contribute to
quenching to varying degrees since the generation of IFE relies
on the spectral overlap of fluorophores and absorbers. Figure

Figure 3. Fluorescent lifetime variations of SiNPs mixed with different substrates in (a) NAG-sensing system and (b) β-GAL-sensing system.
Comparison between excitation wavelength-dependent fluorescence quenching behavior of SiNPs and absorption spectrum of PNP in (c) NAG-
sensing system and (d) β-GAL-sensing system.

Figure 4. (a) Fluorescence spectra of SiNPs upon the addition of NAG at various concentrations. (b) Linear plot of Rfd versus NAG concentration
from 0.01 to 8.00 U/L. (c) UV−vis absorption spectra of SiNPs in the presence of NAG at various concentrations. (d) Linear plot of UV−vis
absorbance at 400 nm versus NAG concentration from 1 to 8 U/L.
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3c,d shows that the excitation wavelength-dependent fluo-
rescence quenching spectra of SiNPs nearly resembled the
absorption spectra of PNP, thus ulteriorly confirming the
occurrence of IFE mechanism. In conclusion, the sensing
mechanism of the proposed fluorescent assays could be
through IFE of p-nitrophenol on the fluorescence emission
of SiNPs.

Fluorometric and Colorimetric Performances. Fluo-
rescence and absorption spectral responses of the present assay
to NAG at various concentrations were investigated (Figure
4a,b). As depicted in Figure 4a, the fluorescence intensity at
512 nm of SiNPs decreased gradually with increasing NAG
concentration. The ratio of fluorescence decrease (Rfd)
linearly correlated with NAG activity at a range of 0.01−8.00
U/L with R2 = 0.996. The limit of detection (LOD) was
0.0086 U/L, calculated based on three times of standard
deviation (3σ) of the fluorescence signals obtained by the
repeated measurement of blank samples and the slope (k) of
the calibration curve. The absorbance of the sensing system
also obviously enhanced with the increase of NAG activity, as
shown in Figure 4c. The calibration curve constructed by
plotting the absorbance at 400 nm against NAG activity
revealed that the absorbance was linearly correlated with NAG
activity from 1 to 8 U/L, and the LOD was 0.96 U/L (Figure
4d).
Similarly, the fluorescence and absorption spectral responses

of β-GAL-sensing systems are illustrated in Figure 5. The
results showed that increasing β-GAL activities from 0.1 to
400.0 U/L resulted in the decrease of the maximum
fluorescence intensity and the increase of Rfd value. A linear
relationship was observed at a range of 0.1−100.0 U/L,
according to the fluorometric method, and the LOD was
calculated to be 0.084 U/L. Additionally, the absorption
responses were directly proportional to β-GAL activity from 20
to 150 U/L, and the LOD was 2.3 U/L. The overall trends of
fluorescence response and UV−vis absorbance with increasing

concentration of either NAG or β-GAL are listed in Figure S7.
The selectivity and anti-interference capacity are displayed in
Figure S8.

Application in Real Human Samples. To evaluate its
practicability, the present assay was employed to detect real
and spiked serum samples, as well as urine samples, and the
results are displayed in Tables S1−S3. All of the results listed
in the tables are means of three parallel measurements ±
standard deviations (SDs). Statistical significances between
data obtained by fluorometric and colorimetric modes were
also determined. The outcomes of the two methods were
congruous and were not significantly different at a 99%
confidence level, as determined by the statistical t-test. These
results suggest that the proposed assay has potentials in
biological detection and clinical diagnosis.
With the use of the established methods, we measured

urinary NAG and β-GAL levels in a clinical range, using a
cohort of patients with glomerulonephritis as an example. As
listed in Tables 1 and S4, NAG and β-GAL levels in the
glomerulonephritis group were elevated by several folds and
were significantly different compared with those in the normal
control group. This suggests that the synergism between these
two parameters may be used as a new measure for clinical
diagnosis and prognosis of glomerulonephritis disease. More-
over, urine collection is harmless and painless to patients and
thus can be frequently conducted and allows for urinalysis to
be more conveniently and easily carried out, particularly in
underserved areas.

Assessment of Smartphone-Assisted Sensing Mode.
As shown in Figure 6, the solution color gradually changed
from pale yellow to conspicuous bright yellow, accompanied
by the increase in enzyme activity. Since human eyes cannot
distinguish between this subtle color change,45 a color
recognizer application installed on a smartphone was further
utilized to capture a series of images and to output the
corresponding RGB values for a more accurate quantitative

Figure 5. (a) Fluorescence spectra of SiNPs upon the addition of β-GAL at various concentrations. (b) Linear plot of Rfd versus β-GAL
concentration from 0.1 to 100.0 U/L. (c) UV−vis absorption spectra of SiNPs in the presence of β-GAL at various concentrations. (d) Linear plot
of UV−vis absorbance at 400 nm versus β-GAL concentration from 20 to 150 U/L.

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.2c04958
Anal. Chem. 2023, 95, 4653−4661

4658

https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c04958/suppl_file/ac2c04958_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c04958/suppl_file/ac2c04958_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c04958/suppl_file/ac2c04958_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c04958/suppl_file/ac2c04958_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c04958?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c04958?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c04958?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c04958?fig=fig5&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.2c04958?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


analysis. The blue/green values of images had a good linear
relationship with NAG activity from 0.1 to 20.0 U/L,
acco rd ing to the reg re s s ion equa t ion B/G =
−0.04575[NAG] + 0.96242 (R2 = 0.985), and with β-GAL
activity ranging from 10 to 360 U/L, according to the
regression equation B/G = −0.00221[β-GAL] + 0.93633 (R2 =
0.992). Calculated by 10σ/slope, the limit of quantification
(LOQ) was 0.66 U/L for NAG and was 13.1 U/L for β-GAL.
As a smartphone with mighty data reception and processing
capability can be an alternative to complex instruments, this
simple and portable smartphone-sensing platform may have
application potential in shaping new trails for quantitative
analysis.

■ CONCLUSIONS
In summary, we constructed a smartphone-assisted sensing
platform for the simultaneous detection of NAG and β-GAL
based on green fluorescent silicon nanoparticles. The
enzymatic strategy is specific to the target enzymes, thus
eliminating interferences by other unrelated enzymes. The
generation of PNP by the two hydrolytic reactions resulted in
the fluorescence quenching of SiNPs and obvious absorption
of light in the visible region. Moreover, with the support of a
color recognizer application on a smartphone, distinct color
information could be captured and converted into blue/green
value ratios that could be utilized for accurate quantitative
analysis of NAG and β-GAL, which can facilitate and allow for
on-site monitoring. In addition to its easy preparation and high

Table 1. List of NAG and β-GAL Levels by Fluorometry in Urine Samples of a Range of Patients with a Common Clinical
Condition (Glomerulonephritis) and Normal People for Contrast (n = 3)a

aData analysis was performed on independent samples with equal variances (****P < 0.0001).
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reliability, the established strategy was successfully applied in
the analysis of human samples, e.g., in the screening for
glomerulonephritis, which shows that it has high potentials in
future clinical diagnosis and bioanalysis of diseases, especially
for diseases related to kidney injuries.

■ ASSOCIATED CONTENT
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Additional experimental details, including reagents and
instruments; experimental procedures and character-
ization of SiNPs; optimization of assay conditions;
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