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the early diagnosis of PKU patients. However, existing tests for PKU are time-consuming and require high-
resource laboratories. In this study, a novel paper-based biosensor based on phenylalnine ammonia lyase
(PAL) hybrid nanoflowers was constructed that provides a semi-quantitative output of the concentration of
Phe from urine samples. PAL@Ca3(PO,4), hybrid nanoflowers (PAL@NF) were first prepared using PAL and
Ca%*. Synthesis conditions of the PAL@NF on the formation of the PAL@NF were optimized. The PAL@NF exhib-
ited 90% activity recovery under optimal condition. Compared with free PAL, the PAL@NF displayed good storage
stability and increased tolerance to proteolysis. After five consecutive operating cycles, the PAL@NF still retained
73% of its initial activity, indicating excellent reusability. Furthermore, the paper-based biosensor was able to de-
tect Phe concentration in urine samples, and exhibited good linearity to the Phe concentrations in the range from
60 to 2400 uM and the response time was only about 10 min. Therefore, the paper-based biosensor can be a
promising candidate as a biosensor for the detection of PKU.
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1. Introduction

Phenylketonuria (PKU) is an inborn defect in essential amino acid
phenylalanine (Phe) metabolism that causes the failure of Phe to be
converted into tyrosine due to the deficient phenylalanine hydroxylase
(PAH) [1]. Therefore, a large number of Phe is accumulated in the body
and causes serious brain injury and neurocognitive dysfunction in pa-
tients [2]. The diagnosis of PKU is of importance to prevent these clinical
anomalies. Nowadays, the diagnosis methods of PKU patient include
newborn screening procedures, guthrie bacterial suppression test in
the first days of life [3], high performance liquid chromatography
[4,5], and tandem mass spectrometry analysis [6]. However, these de-
tection methods are high cost for periodic inspections and the sample
pretreatment processes are tedious. Furthermore, it will take several
days to analyze the test results, thus delaying the treatment time for
many PKU patients. Consequently, it is ideal to develop an
instrument-free, fast, easy and low-cost test for PKU patients to monitor
their Phe levels. Phenylalnine ammonia lyase (PAL, EC 4.3.1.24) is the
rate-limiting enzyme in phenylpropane metabolism in plants. It can cat-
alyze L-Phe to produce trans cinnamic acid (t-CA) and NHs. In recent
years, PAL has been considered as as a potential substitution therapy
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for PKU [2,7-9]. For example, PAL modified with polyethylene glycol
has been used for detection and treatment of PKU [9]. However, the ac-
tivity of modified PAL exhibited a great loss compared with that before
modification. Furthermore, the extraction and purification process led
to the loss of PAL activity [10]. Therefore, complexity of extraction pro-
cess, the low availability, and poor stability have been limited applica-
tion for detection and treatment of PKU with PAL.

Recently, a new enzyme immobilization method, called enzyme-
inorganic hybrid nanoflowers (HNFs) technology was developed by
Ge et al. [11]. HNFs have been widely used in biological sensing and bio-
catalysis due to their excellent catalytic performance and simple prepa-
ration process. The formation process of HNFs includes three steps:
nucleation, growth, and completion [11-13]. Generally, the traditional
immobilization methods can result in the obstruction of mass transfer
between enzymes and substrates, the coverage of active sites, and con-
formation changes of enzymes, thus causing the low immobilization ef-
ficiency and activity [14-18]. Compared with the traditional
immobilization enzyme, the HNFs have high specific surface area and
low mass transfer restriction due to the multi-layered flower-like struc-
ture, thus exhibiting enhanced catalytic activity. In the past ten years,
HNFs containing various enzymes have been prepared, such as
laccase-HNFs [19], horseradish peroxidase (HRP)-HNFs [20,21],
lactoperoxidase-HNFs [22], glucose oxidase (GOx)-HNFs [23], lipase-
HNFs [24,25], and a-amylase-HNFs [26]. In addition to enzyme
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molecules, some biomolecules such as DNA [13,27-29], caffeine [30],
IgG [31], Cytochrome P450 [32], other biomolecules [33-37] and
orgnaic molecules [38,39] have been immobilized as HNFs. Recent
years, variety of biosensors based on HNFs have been synthesized for
disease diagnostics, detection and bioanalytical applications [40,41].
For example, HRP/GOx@Cus(PO,4), HNFs have been used as a fast and
accurate biosensor for detection of live pathogenic bacteria in urine.
The HNF biosensor exhibited a low detection limit of 1 CFU mL™"!, and
the response time was only about 140 min [42]. Laccase-Cu3(POy4),
HNFs on cellulose acetate membrane was applied as a rapid and on-
site biosensor for detection of phenol, and displayed different visible
colors and a linear relationship between phenol concentration of
0.4-50 pg/mL [43]. In addition, GO-copper hybrid nanoflowers with
Fes0, magnetic nanoparticles exhibited superior peroxidase-
mimicking activity as well as substrate channeling for glucose detection
[44]. Furthermore, the same group developed a mediatorless glucose
biofuel cell based on hybrid nanoflowers incorporating GO, and catalase
[45].

Recently, the paper-based biosenors has attracted much interest be-
cause of their low cost, the preparation of simple, and easy to operate.
For example, the paper-based biosensors were developed for detection
of Phe in blood [46,47], In addition, a paper-based biosenor coupled to
electrochemical detection was constrcuted using PAH. The paper-
based biosenor could detect efficiently the concentration of Phe in
blood [48,49]. However, the blood test is invasive, and draw blood for
infants is difficult. Compared with the blood test, a urine test is noninva-
sive and likely to lead to higher patient compliance.

The purpose of this study was the development of a novel paper-
based biosensor based on PAL hybrid nanoflowers for urinary Phe mea-
surement. For the construction of the paper-based biosensor, PAL-Cas
(POg4), hybrid nanoflowers (PAL@NF) were firstly prepared using
crude PAL from recombinant BL21(DE3) E. coli. The catalytic perfor-
mance of the PAL@NF were investigated. Then, the PAL@NF was
adsorbed on the surface of filter paper to obtain the paper-based biosen-
sor. PAL in the paper-based biosensor can catalyze Phe in urine to pro-
duce a quantitative amount of t-CA which can be oxidized by the
addition of a small amount of potassium permanganate, causing the
fade of potassium permanganate. This color variation is well appreciate
by human eyes. As a result, users will be able to determine the concen-
tration of Phe in a urine sample by colorimetric comparison with a chro-
matic scale.

2. Materials and methods
2.1. Materials

Yeast extract and tryptone were purchased from Thermo Fisher Sci-
entific (Shanghai, China). Typsin (250.N.F-U/mg), Isopropyl-3-D-
Thiogalactoside (IPTG) and trimethylolamine were obtained from Bei-
jing Solarbio Science & Technology Co., Ltd. (Beijing, China). L-Phe was
purchased from Aladdin Reagent Co., Ltd. (Shanghai, China). Filter pa-
pers were purchased from Whatman (Shanghai, China). Phosphates,
CaCl,, NaCl, ammonium sulfate, potassium permanganate and other re-
agents were purchased from Fuchen Chemical Reagent Co., Ltd. (Tianjin,
China). The PAL recombinant BL21 (DE3) E. coli cells were stored in our
lab.

2.2. Production and crude extraction of PAL

PAL recombinant BL21 E. coli was incubated in LB medium contain-
ing 30 pg/mL kanamycin at 37 °C. After 16 h, 0.1 mM IPTG was added
to induce PAL expression at 20 °C. After 12 h, culture medium was cen-
trifuged at 8000 rpm for 10 min at 4 °C, and cells were washed three
times with cold deionized water, and sonicated until the solution be-
came clear. After centrifugation, PAL in the supernatant was precipi-
tated by 40% ammonium sulfate. After centrifugation, precipitates
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were dissolved by 50 mM Tris-HCI buffering (pH 8.0), recombinant
PAL proteins in the solution was purified by a 5 mL nickel Sepharose 6
Fast Flow column, the purified PAL proteins were collected and ana-
lyzed by SDS-PAGE.

2.3. Preparation of PAL@NF

For the PAL@NF, a certain amount of CaCl, solution was added into
PBS (pH 7.4, 200 mM) containing PAL, and the mixture solution was in-
cubated for 12 h at 4 °C. After centrifugation, the obtained PAL@NF was
washed three times with MiliQ water. Besides, effects of PAL concentra-
tion (0.1 mg/mL-2.0 mg/mL), Ca>* concentration (6 mM-18 mM), and
phosphate concentration (5 mM-50 mM) on the formation of the PAL@
NF.

2.4. PAL activity assay

The PAL activity was determined by the previous reports [11].
Briefly, PAL samples were mixed with 50 mM Tris-HCl buffer (pH 8.8)
and 25 mM L-Phe at 40 °C. After 10 min, 1 M of HCl was added to termi-
nate the reaction. After centrifugation, A,,g of the supernatant was
tested with a spectrophotometer. 1 U PAL activity was defifined as the
amount of PAL required to produce 1 umol of t-CA per min.

The PAL activity recovery in the PAL@NF was calculated as given in
Eq. 1.

- __ Total activity of PALGNF(U)
Activity recovery(%) = 1o free activity of PAL(U) < 100 M

2.5. PAL@NF stability

Storage stability of free PAL and PAL@NF under room temperature
was tested for 20 days and the residual activities of PAL were tested
every 2 days. The pH stability of the free and PAL@NF was measured
in the pH range of 7-11. Besides, to test the resistance to proteolysis,
free PAL and PAL@NF were incubated in 50 mM Tris-HCl buffer
(pH 8.8) containing 1 mg/mL of trypsin for 2-10 min at 40 °C, respec-
tively. Reusability of the PAL@NF was examined by means of ten repet-
itive measurements using 25 mM L-Phe.

2.6. The kinetic parameters
The K, and V. were obtianed by determining the initial reaction
rates with L-Phe. The concentrations of L-Phe were ranged from

2.5 mM to 50 mM. The K, value and V,,x were calculated according
to the Michaelis-Menten Eq. (2).

V =V max x

[s]
km + [s] 2)

2.7. Labeling PAL with FITC

1 g of PAL was added into 50 mg/mL FITC solution (dissolved in
DMSO) for 1 h without light. Modified FITC labeled PAL were used to
prepare PAL@NF.

2.8. Preparation of paper-based biosenor and Phe determination

For preparation of paper-based biosenor, the PAL@NF was
immobilized on Whatman # 1 filter paper microzones surface with a di-
ameter of 6 mm by physical adsorption, and dried it at room tempera-
ture. For Phe determination, urine samples were added into the
paper-based biosenor and incubated for 10 min at 40 °C. Subsequently,
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Fig. 1. The synthesis of the PAL@NF.

5 pL potassium permanganate solution (112 mM) was added into the
paper-based biosenor.

PAL@NF in the paper-based biosenor catalyzes Phe from the urine
samples to t-CA, and the resultant t-CA is oxidized by the addition of po-
tassium permanganate, causing the fade of potassium permanganate.
For comparation, a chromatic-scale was established by using simulated
urine containing different concentrations of L-Phe (60 pM- 2400 uM).

3. Results and discussion
3.1. Preparation and characterization of PAL@NF

The schematic diagram for the preparation of the PAL@NF was
shown in Fig. 1. In the synthesis strategy, the formation of the PAL@NF
self-assembly contains three steps: first, primary crystals of Ca3(POy),
are formed. Second, PAL molecules attach to Cas(PO,), crystals by coor-
dination binding between the protein and Ca®*. Finally, nanisotropic
growth leads to the formation of nanoflower. SEM images of the pre-
pared PAL@NF in different PAL concentrations was shown in Fig. 2. It

was found that flower-like structure appeared when PAL concentration
was 0.1-1.0 mg/mL (Fig. 2a-2d). However, with further increase of PAL
concentration, the PAL@NF exhibited large amorphous cluster (Fig. 2e
and f). The results were consistent with previous reports [50]. These re-
sults indicated that the concentration of PAL had significant impact on
the formation of PAL@NF. The influences of Ca®>™ concentration on the
morphology of the PAL@NF was shown in Fig. 3. Spherical PAL based hy-
brid nanostructures were observed when Ca®" concentration was
6 mM (Fig. 3a). With increase of Ca®>* concentration, the formation of
flower shape PAL@NF were obtained (Fig. 3b, c). However, when Ca?*
concentration was increased to 18 mM, PAL@NF with randomly-
arranged petal and crystalline structures was obtained (Fig. 3d). The
previous reports proved that Ca?™ ion is a critical factor to form primary
nanocrystals of hybrid nanoflowers [24]. Our results were consistent
with previous reports. In addition, influences of phosphate concentra-
tion on the formation of the PAL@NF were studied. The results sug-
gested that PAL @NF with flower-like structure appeared when
phosphate concentration was at 10 mM (Fig. 3f). However, the other
three phosphate concentrations (5 mM, 25 mM and 50 mM) used in

Fig. 2. SEM images of the PAL@NF in different PAL concentrations ((a to f): 0.1 mg/mL(a); 0.25 mg/mL(b); 0.5 mg/mL(c); 1.0 mg/mL(d); 1.5 mg/mL(e); 2.0 mg/mL(f).
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Fig. 3. SEM images of the PAL@NF in different CaCl, concentrations: 6 mM (a); 12 mM(b); 15 mM (c); 18 mM (d). SEM images of the PAL@NF in different phosphate concentrations: 5 mM
(e); 10 mM(f); 25 mM (g); 50 mM (h).

PAL@NF formation did not caused flower-like structure (Fig. 3e, g, h). further demonstrated by TEM images (Fig. 4a). Besides, strong green
Besides, it was found that temperature (at 4 °C and room temperature) fluorescence was observed in the CLSM image of the PAL@NF(PAL pro-
and pH (at 7.0-10.0) had no significant effect on the formation of the teins were labeled by FITC), indicating the presence of PAL in the PAL@
PAL@NF (data not shown). The flower-like shape of the PAL@NF was NF(Fig. 4b). The FTIR spectra of the PAL@NF, PAL, and Ca3(PO)4 were
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Fig. 4. TEM images of the PAL@NF (a); Fluorescence confocal microscopy images of FITC-PAL@NF (b).

presented in Fig. 5a. The characteristic peaks from 1060 cm™! to
1030 cm ™! and from 610 cm ™! to 530 cm ™! were attributed to the
phosphate groups (Fig. 5b and Fig. 5c) [31]. Two strong typical charac-
teristic peaks were observed from 1660 cm™! to 1650 cm ™! and from
1580 cm ™! to 1500 cm ™!, which were ascribed to the amide I and II
bands of protein(Fig. 5a and Fig. 5b). Besides, DES results (Fig. 6a and
Fig. 6b) clearly indicated the presence of Ca, P, and O in the texture of
both the PAL@NF and Cas(PO)4. However, C and N were only observed
in the PAL@NF, indicating the presence of PAL in the PAL@NF. Therefore,
these results demonstrated that the PAL@NF was the successfully
prepared.

3.2. Activity of PAL@NF

The previous reports demonstrated that the HNFs had much high
catalytic activities because of high protein loading, low diffusion resis-
tance, and mild preparation conditions [51]. Similar to previous reports,
the PAL@NF displayed a significantly high activity recovery of 90% (data
not shown). Besides, the optimum temperature of both free PAL and the
PAL@NF was at 40 °C (Fig. 7a). At the same time, the optimum pH for

500 1000 1500

2000

free PAL and the PAL@NF was at pH 9 (Fig. 7b). These results showed
that immobilization procedure did not introduce structural changes of
PAL. However, compared with free PAL, the PAL@NF had high K,
value, indicating a lower affinity to substrate. Furthermore, the PAL@
NF displayed lower V ,./Ky, than the free PAL (Table 1). These results
indicated that the mass-transfer limitation of the PAL@NF was higher
than free PAL.

3.3. Stability of PAL@NF

Reusability is one of the most important parameters of the catalytic
performance of immobilization enzymes. Thus, reusability of the PAL@
NF was investigated. As shown in Fig. 8, after five consecutive operating
cycles, the residual activity of the PAL@NF was still maintained 73% of its
original activity (Fig. 8a), indicating good durability. Furthermore, free
PAL lost its activity after 8 days under room temperature, whereas the
PAL@NF still kept 60% of its initial activity after 19 days. Obviously, the
PAL@NF had better storage stability than free PAL (Fig. 8b). The excel-
lent durability and storage stability of the PAL@NF are the key to the ro-
bustness of the paper-based biosensor.
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Fig. 5. FT-IR spectra analysis of PAL (a), PAL@NF (b) and Cas (PO4); (c).
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Fig. 6. EDS spectrum of element distribution.

Besides, the pH stability of PAL@NF was also explored. The PAL@NF
was more stable than the free PAL in the pH range of 7-11 (Fig. 8c).
However, both free PAL and PAL@NF lost activity in acidic environment
(pH 3-6). The results indicated that both free PAL and PAL@NF were un-
stable under acidic conditions. The previous reports proved that PAL en-
zyme can be easily destroyed by acid [52,53]. For PAL@NF, the structure
of nanoflowers was destroyed under acidic conditions, and PAL was re-
leased from the PAL@NF, thus causing inactivation. Besides, the PAL@NF
exhibited higher tolerance towards trypsin than free PAL (Fig. 8d).
Overall, these excellent properties of PAL@NF are very useful for the
preparation of paper-based biosensors.

3.4. Detection of Phe in urine samples

The proposed paper-based biosenor based on the following princi-
ples: PALin the PAL@NF catalyzes Phe in urine samples to produce a cer-
tain number of t-CA, and the resultant t-CA is oxidized by the addition of

| ——Free PAL
120, | ——PAL@NF
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X
2 80
>
g
5 9
3
)
2 404
14
204
0 0 4 5 6 70
Temperature (C)

Table 1

Comparison of apparent kinetic parameters of free PAL and PAL@NF.
Enzyme Km(mM) Vimax(mMM/L- min) Vinax/Kin
PAL 8.400 0.0273 0.00325
PAL@NF 13.216 0.0205 0.00155

potassium permanganate that induces color change in the sample solu-
tion. This color change of the sample is easily observed by human eyes.
As a result, Phe concentration in the sample can be determined via col-
orimetric comparison with a chromatic scale. Furthermore, urine sam-
ples are easier to obtain than blood samples. In this study, effects of
concentrations of urine components (uric acid and urea), urinary pH
value (4.0-8.0), and test time on detection of Phe concentration in
urine samples were firstly investigated. The results showed that there
is no obvious change in color under different concentrations of uric

| ——Free PAL|
—— PAL@NF

b

120+

100+

804

604

Residual activity (%)

T T T T 1

2 4 6 8 10 12
pH value

Fig. 7. Optimum temperature and pH of the PAL@NF.
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Fig. 8. Reusability of PAL@NF (a); storage stability of the PAL@NF (b); pH stability of PAL@NF (c); the resistance of the PAL@NF to proteolysis (d).

acid (0-300 uM) and urea (0.02-0.1%), indicating that uric acid and
urea had no significant effect on the detection of Phe (data not
shown). However, urinary pH value (4.0-8.0) and test time exhibited
significant effects on the detection for Phe concentration in urine sam-
ples. There were no significant color changes for the paper-based bio-
sensors when urinary pH value is at 4.0 and 5.0 (Fig. 9). The results
can be explained by the fact that PAL@NF is unstable and inactivated
under acidic conditions (Fig. 8c). By contrast, the color change or fading
was clearly observed when urinary pH value was at 6.0-8.0 (Fig. 9). The
results also showed that the paper-based biosensors could be used to
detect Phe concentration in urine samples because of the pH of
human urine is usually about 6.0. Besides, test time had significant ef-
fects on color changes for the paper-based biosensors. The obvious
color change or fading of urine samples containing different Phe con-
centrations was observed before 5 min. However, no color change or

fading was observed after 10 min (Fig. 10). Therefore, the response
time of the paper-based biosensors was only about 10 min.

To measure Phe concentration in the urine samples, a chromatic-
scale was first constructed by using Phe standard solutions with concen-
tration of 60 to 2400 uM. This color-scale was shown in Fig. 11a. It was
found that Phe with concentration of 60-2400 uM has a good correla-
tion compared with the color-scale (Fig. 11b). At the same time, Phe
concentration in urine was further proved by HPLC. The standard
curve of L-Phe concentration detected by HPLC was shown in Fig. 11c.
These results indicated that the detection limit of the paper-based bio-
sensor was estimated at 60 uM, and the dynamic ranging was from
60 UM to 2400 uM. Generally, the urinary Phe value in PKU patients is
kept below the 3000 uM [54]. Therefore, the paper-based biosensor
for Phe detection on urine sample is a simple, fast, low-cost, and suitable
for home applications.

Fig. 9. Effects of urinary pH value (4.0-8.0) on the detection of Phe concentration in urine samples.

7



ARTICLE IN PRESS

B. Sun, Z. Wang, X. Wang et al. International Journal of Biological Macromolecules Xxx (xXxx) Xxx

2400 mM

Fig. 10. Effects of test time on the detection of Phe concentration in urine samples.
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Fig. 11. Correlation of chromatic-scale and intensity with Phe concentration, chromatic-scale (a), The standard curve of Phe concentration detected by HPLC (b).

4. Conclusions

In summary, PAL@NF was successfully prepared by using PAL and Cas
(PO4). The resultant PAL@NF displayed high activity and stability. Fur-
thermore, a paper-based biosensor based on the PAL@NF for urinary Phe
measurement was constructed for the first time. The dynamic range of
the paper-based biosensor is 60 pM-2400 puM, and limit of detection is
60 UM. Furthermore, the test time was only about 10 min. Therefore, the
paper-based biosensor is expected to become a home-test monitoring
for PKU.

Authors statement

Explanation of the manuscript's significance

Phenylketonuria (PKU) is an autosomal recessive inheritance dis-
ease and it is one of the most common genetic metabolic disease. The
metabolism of essential amino acid phenylalanine (L-Phe) for PKU pa-
tients is blocked due to the deficient phenylalanine hydroxylase
(PAH), which which leads to the failure of phenylalanine to be con-
verted into tyrosine. Therefore, a large number of L-phe is accumulated
in the body and causes serious brain injury and neurocognitive dysfunc-
tion in patients. The detection of PKU is very important for the early di-
agnosis of PKU patients. However, the current methods are either
imprecise or time-consuming,.

Phenylalnine ammonia lyase (PAL, EC 4.3.1.24) can catalyze L-Phe to
produce trans cinnamic acid (t-CA) and ammonia. In recent years, it was
found that the PAL can be used for detection and treatment of PKU.
However, complexity of extraction process, the low availability, and
poor stability have been limited application for detection and treatment
of PKU with PAL. Enzyme-inorganic hybrid nanoflowers (HNFs) are an
efficient immobilization method. Recent years, variety of biosensors

based on HNFs have been synthesized for disease diagnostics and detec-
tion due to their better biocompatibility, enhanced catalytic activity, and
label-free characteristics.

In the past ten years, the paper-based biosenors has attracted a lot of
attention due to their large-scale production, low cost, versatility and
ease of handling. Futhermore, recent research showed that the paper-
based biosenor could detect the concentration of Phe in blood. However,
the blood test is invasive, and draw blood for infants is difficult. Com-
pared with the blood test, a urine test is noninvasive and likely to lead
to higher patient compliance.

The objective of this study was the development of a novel paper-
based biosensor based on PAL hybrid nanoflowers for urinary Phe mea-
surement. For the construction of the paper-based biosensor, PAL-Cas
(PO4), hybrid nanoflowers (PAL@NF) were firstly prepared by using
crude PAL from recombinant BL21(DE3) E. coli. The catalytic activity
and stability of the PAL@NF were investigated. Then, the PAL@NF was
adsorbed on the surface of filter paper to obtain the paper-based biosen-
sor. PAL in the PAL@NF can catalyze Phe in urine to produce a quantita-
tive amount of t-CA which can be oxidized by the addition of a small
amount of potassium permanganate, causing the fade of potassium per-
manganate. The dynamic range of the paper-based biosensor is 60 uM-
2400 M, and limit of detection is 60 puM. Furthermore, the test time was
only about 10 min. Therefore, the paper-based biosensor is expected to
become a home-test monitoring for PKU.
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