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Papain, a natural plant protease that exists in the latex of Carica papaya, catalyzes the hydrolysis of peptide,
ester and amide bonds. In this work, we found that papain displayed peroxidase-like activity and catalyzed
the oxidation of 3,3',5",5'-tetramethylbenzidine (TMB) in the presence of H,O,. This results in the formation
of a blue colored product with an absorption maximum at 652 nm. The effects of experimental parameters
including pH and reaction temperature on catalytic activity of papain were investigated. The increase of
absorbance induced by the catalytic effect of papain offers accurate detection of H,O, in the range of
5.00-90.0 uM, along with a detection limit of 210 pM. A facile colorimetric method for glucose
detection was also proposed by combining the glucose oxidase (GOx)-catalyzed glucose oxidation and

papain-catalyzed TMB oxidation, which exhibited a linear response in the range of 0.05-0.50 mM with
Received 26th April 2019 detection limit of 0.025 mM. The method d here displayed excellent selectivity, indicating that
Accepted 21st May 2019 a detection limit of 0. mM. The method proposed here displayed excellent selectivity, indicating tha
common coexisting substances (urea, uric acid, ascorbic acid, maltose, lactose and fructose) in urine did

DOI: 10.1039/c9ra03111a not interfere with detection of glucose. More importantly, the suggested method was successfully used
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1. Introduction

In clinical diagnosis, several disease-related biomolecules (such
as glucose,! uric acid,? and sarcosine®) are generally measured
via indirect colorimetric analysis. Namely, these biomolecules
are oxidized with the catalysis of corresponding oxidase
enzymes, then, hydrogen peroxide (H,O,) is quantitatively
produced, which can yield hydroxyl radicals (-OH) by the
catalysis of peroxidase (such as horseradish peroxidase, HRP).
After that, the hydroxyl radical is able to oxidize 3,3',5,5'-tetra-
methylbenzidine (TMB) into oxidized TMB with an absorption
peak at 652 nm. Thus the content of the biomolecule can be
finally determined by measuring the absorbance at 652 nm.
This method does not need any sophisticated instrumentation
and can achieve rapid visual detection of target molecules,**
which makes it feasible, fast and cost-effective.”® In addition,
HRP, as a biological catalyst, possesses remarkable advantages
such as high substrate specificities and high efficiency under
mild conditions, which makes the method highly selective with
less interference.” Of course, as a natural enzyme, HRP has
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to precisely detect the glucose concentration in human urine samples with recoveries over 96.0%.

inherent disadvantages of high cost, difficult preparation, low
stability, and easily denaturing in extreme conditions, which
impedes its widespread applications.' Therefore, much effort
has been done in exploration of peroxidase-like to replace HRP
in the construction of enzymatic assays. A series of nano-
materials, including noble metals (Au," Ag,"” Pt,"* Pd** and
Rh"), transition metal oxides or chalcogenides (Fe;O,,'"
C0304," Ce0,," VS,," CuS,” Fe;S,,** et al.), and carbon-based
nanomaterials,”*>* have been reported to exhibit the highly
peroxidase-like activity, which have been used as peroxidase
mimetic for the detection of H,0,, glucose, uric acid, etc.
Although these nano-enzymes are important, they suffer from
drawbacks such as high cost, time-consuming and tedious
preparation of nanomaterials. Moreover, poor stability and
biocompatibility of the nanomaterials also limit their practical
applications.? Therefore, it is quite necessary for researchers to
explore new natural enzymes with wide sources and low cost,
and apply them in colorimetric analysis. Zheng's group reported
that ficin exhibited significant peroxidase-like activity, which
had been used for colorimetric detection of glucose*” and uric
acid,”® individually.

Papain, a natural plant protease exists in the latex of Carica
papaya, catalyzes the hydrolysis of peptide, ester and amide
bonds. It is recognized as a sulfhydryl protease, the active site is
located at the interface of L- and R-domains in the form of a V
shaped cleft and is formed by a cysteine, a histidine, from an
asparagine and a glutamine residue.” Because of its good

This journal is © The Royal Society of Chemistry 2019
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stability, high protein hydrolysis ability and good degradation
effect on many kinds of proteins, papain, one of the industrial
proteases, has been widely used in food, medicine, feed,
cosmetics, leather, and textile industries.**** In this work, we
reported for the first time that papain exhibited significant
peroxidase-like activity, which could catalyze oxidation of TMB
in the presence of H,0, to produce blue color. It is well known
that H,0, is the product of the oxidation of glucose. Therefore,
a simple colorimetric method was developed for the detection
of glucose based on the glucose oxidase (GOx)-catalyzed glucose
oxidation and papain-catalyzed TMB oxidation (Scheme 1). And
this method was applied for the detection of glucose in urine
samples with satisfactory results.

2. Experimental section
2.1 Chemicals and instruments

All the chemicals in this study were of analytical grade and used
as received. Papain, glucose, glucose oxidase (GOx) and 3,3',5,5'-
tetramethylbenzidine (TMB) were obtained from Macklin
Biochemical Reagent (Shanghai, Co., Ltd., China). N,N-Dime-
thylformamide (DMF), acetic acid (HAc), sodium acetate (NaAc),
hydrogen peroxide (H,O,), urea, uric acid, ascorbic acid,
maltose, lactose, and fructose were acquired from Da Mao
Chemical Reagents (Tianjin, China). TMB was dissolved in
DMF, doubly deionized water (DDW) was used throughout.

Absorption spectra were recorded using a UV-4802 spectro-
photometer (Unico, Shanghai, China) equipped with a 1.0 cm
cuvette. The pH of the solutions was monitored with a PXS]J-216
pH meter (Shanghai Precision Science Instrument Co., Ltd.,
China).

2.2 Procedure for determination of H,0, and glucose

H,0, detection was performed as follows: 100 pL 100 pg mL ™"
papain, 1.0 mL 5.0 mM TMB, and 1.0 mL H,0, solution with
different concentrations were added sequentially in 7.9 mL
NaAc-HAc (pH 3.5) buffer. The mixture was incubated at 40 °C
for 20 min then kept in an ice-water bath for 10 min to stop the
reaction. Finally, the UV-vis spectroscopy of the resultant solu-
tion was scanned from 500 to 800 nm at room temperature, and
the absorbance at 652 nm was used for quantitative analysis.
Glucose detection was carried out as follows: 0.2 mL GOx of
1.0 mg mL ™" and 1.0 mL of different concentrations of glucose
were added into 1.0 mL phosphate buffer (pH 7.0) and then
incubated at 37 °C for 40 min. Subsequently, the glucose reac-
tion solution was added into 7.8 mL HAc-NaAc (pH 3.5) buffer

—GO% 5 Gluconic acid + H,0, H,0

N,

Glucose + O,

Papain
N
TMB oxTMB  *

Scheme 1 Schematic illustration of the peroxidase-like activity of
papain for the colorimetric detection of glucose by coupling with
glucose oxidase (GOx) catalysis.
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containing 0.5 mM TMB and 1.0 ug mL™" papain. The mixture
was incubated at 40 °C for 20 min then kept in an ice-water bath
for 10 min to stop the reaction. The resultant solution was
monitored by the UV-vis spectroscopy.

The selectivity of the proposed detection system was
assessed by adding potential interfering substances coexisting
in human urine (such as urea, uric acid, ascorbic acid, maltose,
lactose, fructose) instead of glucose in a same way. The final
concentrations of the interfering substances were all 8.0 uM.

2.3 Analysis of real samples

The morning urine samples were centrifuged at 12 000 rpm for
40 minutes to collect the supernatant for experiment. And then
various amounts of glucose were spiked to the urine samples.
Finally, the sample detection was carried out using above
procedure.

3. Results and discussion

3.1 Intrinsic peroxidase-like activity of papain

The peroxidase-like activity of papain was investigated through
catalytic oxidation of TMB by papain in the presence of H,0,
and monitoring the absorption spectra. As shown in Fig. 1, the
interaction of TMB with papain in the presence of H,0, leads to
the formation of deep blue colored product with a strong
absorption peak at 652 nm, which is similar to the typical HRP-
catalyzed oxidation of TMB.?*> In contrast, the control experi-
ment of TMB with papain in the absence of H,0, does not lead
to the generation of blue color (Fig. 1 inset), and TMB with H,0,
in the absence of papain only results in a negligible blue color,
which absorbance of corresponding absorption spectra is very
low at 652 nm, indicating that both papain and H,O, are
required for the reaction to occur. These results demonstrate
that papain exhibits peroxidase-like activity, which can accel-
erate TMB oxidation in the presence of H,0,. It was reported
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Fig. 1 Papain shows intrinsic peroxidase-like activity. The absorption
spectra and colors of TMB in different reaction systems: (a) papain +
TMB, (b) H,O, + TMB, (c) papain + TMB + H,O, (other conditions: 100
L of 100 pg mL™* papain; 1 mL of 5.0 mM TMB; 1 mL of 50 pM H,O5;
pH = 3.5; reaction temperature is 35 °C; reaction time is 20 min.).
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Fig. 2 (A) UV-vis absorption spectra of papain-TMB solution con-
taining H,O, concentrations varied from 5.00 to 90.0 pM. (B) The
relation between the absorbance at 652 nm and the H,O, concen-
trations. (C) UV-vis absorption spectra of glucose-GOx-TMB-papain
system in the presence of different concentration of glucose. (D) The
calibration curve for glucose determination. Inset: Photographs for
colorimetric detection of (B) HO, and (D) glucose, respectively.

that nanomaterials with peroxidase-like activity also had the
same effect.**%*

3.2 Steady-state kinetic analysis of papain

To further investigate the catalytic activity of the papain,
apparent steady-state kinetic parameters for papain catalyzed
reaction were determined by varying the concentration of TMB
and H,0,. The experiments were performed at 40 °C using 1.0
pg mL~" of papain in 0.1 M HAc-NaAc buffer (pH 3.5) con-
taining either 5.0 mM H,O, with different concentrations of
TMB (0.5-3.0 mM) or 1.0 mM TMB with different concentra-
tions of H,O, (0.25-2.0 mM). After incubating for 20 minutes,
the reaction was stopped with cold water. Then the absorbance
of oxidized TMB at 652 nm were recorded, and the concentra-
tion of oxidized TMB were estimated using Beer-Lambert law
(molar extinction coefficient, ¢ = 3.9 x 10* M~* em™').3* The
reaction velocities were calculated and plotted against concen-
tration of TMB or H,0,. As shown, typical Michaelis-Menten
curves are observed for both TMB and H,0, (Fig. S1A and Bf).
Double-reciprocal curves were plotted (Fig. S1C and DY) and

Table 1 Comparison of different methods for glucose detection
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fitted to the equation 1/V = (Kun/Vimax) X (1/[S]) + (1/Vinay), where
V is the initial velocity, V;, represents the maximal reaction
velocity, [S] corresponds to the concentration of substrate and
K., is the Michaelis constant. We obtained K., and V.« from the
slope and intercept of the curves. The results given in Table S17
show that the K, value of papain towards TMB and H,0, both
are larger than those of HRP and ficin,* implying that higher
TMB and H,0, concentrations are needed for papain to achieve
maximal reaction velocity than those for HRP and ficin. The
derived catalytic constant (K., was also taken to compare the
enzymatic catalytic activity. The K., values of papain with TMB
and H,0, as the substrates are close to those of ficin, suggesting
that papain can also act as an efficient peroxidase mimic.

3.3 Optimization of experimental conditions

Similar to the nature of enzymes and other nanomaterials based
mimics, the catalytic activity of papain is dependent on pH,
temperature, and time. In this work, the peroxidase-like activity
of papain was evaluated at different pH (from 2.5 to 5.5),
incubation temperature (25 to 50 °C), and incubation time
(from 5 to 30 min).

Papain is a kind of biological catalyst, easily denatured at
unsuitable pH values or high temperature. Therefore, the
catalytic activity of papain is remarkably influenced by pH and
incubation temperature. As shown in Fig. S2,T an increase in pH
from 2.5 to 3.5 results in the increased absorbance whereas
a further increase in pH from 3.5 to 4.5 leads to a gradual
decrease. The maximum of absorbance is obtained at pH 3.5,
indicating that the oxidation of TMB occurs under weakly acidic
condition, which is consistent with that reported for the
oxidation of TMB and thus the pH is adopted. The incubation
temperature-dependent response curve is shown in Fig. S3.t
The catalytic activity of papain greatly increases as the incuba-
tion temperature increases from 25 to 40 °C. Further increase in
temperature gives rise to a decrease in catalytic activity, attrib-
uted to the inactivation of papain at high temperature. The
effect of incubation time was optimized (Fig. S41). A longer
incubation time enables the substrate TMB to react with H,O,
more completely. The increase of absorbance slows down
obviously when the incubation time exceeds 20 min. Therefore,
the optimal pH value, incubation temperature, and incubation
time are 3.5, 40 °C, and 20 min, respectively.

Linear range Detection limit

Method Materials (nM) (uM) Ref.
Fluorimetry SGOx-NFs-Amplex Ultra Red 0-100 3.5 38
Fluorimetry MnO,-PFR NPs 5-1000 1.5 39
Fluorimetry WS, QDs 1-60 0.3 40
Fluorimetry Mn-doped Zn,, 5Cd, sS@ZnS NRs 50-300 0.1 41
Colorimetry Cu,(OH);Cl-CeO, NPs-TMB 100-2000 50 42
Colorimetry Fe;0,/graphene NPs-TMB 5-500 0.8 43
Colorimetry GQDs/CuO NPs-TMB 2-100 0.59 44
Colorimetry N-GQDs-TMB 25-375 16 45
Colorimetry Papain-TMB 50-500 25 This work

16568 | RSC Adv., 2019, 9, 16566-16570
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3.4 Detection of H,O, and glucose

Since the absorbance of oxidized TMB at 652 nm was associated
with H,0, concentration, a simple method was developed for
the detection of H,0, spectrophotometrically. Fig. 2A displays
the UV-vis absorption spectra of papain-TMB solution contain-
ing H,0, with different concentrations. As seen, the absorbance
at 652 nm increases with the increase of H,O, concentration,
and fits a linear regression equation of 4 = 8.83 x 107°C +
0.0301 over the range of 5.00-90.0 uM (Fig. 2B). The limit of
detection for H,0, is calculated to be 2.10 uM (3g/k), showing
a high sensitivity for H,O, analysis. Simultaneously, the color
change of the solution is obvious and easily observed by the
naked-eye (Fig. 2B inset). As H,0, is the main product of GOx-
catalyzed glucose oxidation, colorimetric detection of glucose
can be realized when the papain-catalyzed TMB oxidation is
coupled with the GOx-catalyzed glucose oxidation. Fig. 2C
presents the UV-vis absorption spectra for glucose detection
under the optimal conditions and the absorbance at 652 nm
increases gradually with the increase of glucose concentration.
As observed in Fig. 2D, the absorbance is proportional to the
glucose concentration ranging from 0.05 to 0.50 mM with the
detection limit of 0.025 mM glucose. The linear regression
equation is A = 1.16C (mM) — 0.011 with a correlation coeffi-
cient of 0.987. Moreover, the color variation for the glucose
response is also obvious by visual observation (Fig. 2D inset).
In Table 1, we compared the analytical performance of the
proposed method with those reported methods. As described in
Table 1, the linear range of our method is wider than or
comparable to some of theirs. Although the detection limit of
our method is not the lowest, it provides an alternative method
for the detection of glucose in real samples. It is remarkable
that almost all of the reported methods require the preparation
of probes or nanomaterials while our method does not need.

0.6

0.5+

0.4 1

0.3+

A (652nm)

0.2

Glu Mal

Lac

Fig. 3 Selectivity of the proposed method for the detection of
glucose. Each potential interfering substance was separately added
into reaction solution in the absence of glucose. The concentration of
glucose was 0.4 mM, and the concentration of the potential interfering
substances was 8.0 mM. Inset: Typical photograph of glucose
detection with the colorimetric method using GOx and papain as the
catalysts (from left to right: glucose, maltose, lactose, fructose, urea,
uric acid, ascorbic acid and blank).
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Table 2 Determination results of glucose in urine samples (n = 3)

Sample  Addition/(mM)  Recovery/(mM) RSD/%  Recovery/%
1 0.10 0.097 3.2 96

2 0.20 0.21 2.4 104

3 0.30 0.31 2.6 104

Thus it can be derived the suggested method is fast and
convenient.

In order to evaluate the selectivity of glucose detection,
control experiments were conducted with potential interfering
substances with urea, uric acid (UA), ascorbic acid (AA), maltose
(Mal), lactose (Lac) and fructose (Fru) in solution at concen-
tration of 8.0 mM. As shown in Fig. 3, only the addition of
glucose can induce a dramatic change in absorbance and an
obvious color change (Fig. 3 inset), whereas little changes are
observed in the presence of other interference substances, even
the concentration of these substances is 20-fold higher than
that of glucose. The results clearly indicate that those existing
interferences are inert to glucose detection, hinting that the
present method displays a high selectivity toward glucose.
Therefore, this study proposed colorimetric analysis method
does not require complicated sample processing and can be
used for selective detection of glucose in urine samples.

3.5 Analytical applications

Based on the activity of papain's peroxidase and glucose
oxidase, this method has been successfully used in the detec-
tion of glucose in human urine samples from healthy volunteers
who are three of our research group. Before the test, morning
urine was taken and the supernatant was centrifuged for 40
minutes at a speed of 12 000 rpm for analysis. The results of the
determination and recovery are shown in Table 2. It is found
that the average recoveries of the glucose are in the range of
96% to 104%, and the relative standard deviation values of the
measurements are from 2.4% to 3.2%. High recovery and good
precision of glucose determination suggest that the proposed
colorimetric method can greatly reduce the matrix effect of the
human urine sample. These results clearly indicate the feasi-
bility of this method for the determination of glucose in bio-
logical samples.

4. Conclusions

In conclusion, we reported for the first time that papain
exhibited significant peroxidase-like activity, which could cata-
lyze the oxidation of TMB by H,O, to produce blue color and the
catalytic activity was strongly dependent on pH and tempera-
ture. Based on papain peroxidase-like catalytic activity and GOx,
a simple, cheap, and highly selective colorimetric method for
the detection of glucose in human urine samples was devel-
oped. There is no denying that the catalytic efficiency of papain
is lower than HRP and some nano-enzymes. However,
compared with other reported methods, the suggested method
does not need expensive reagents and tedious procedures for
preparing nanomaterials. It is expected that this work will open

RSC Adv., 2019, 9, 16566-16570 | 16569
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up the possibility of using papain as a substitute for horseradish
peroxidase in biochemistry.
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