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ABSTRACT: Polyelectrolyte capsules (PCs) exhibit attractive superiorities in enzyme
immobilization, including providing a capacious microenvironment for enzyme conforma-
tional freedom, highly effective mass transfer, and protecting enzymes from the external
environment. Herein, we provide the first systemic evaluation of submicron PCs (SPCs, 500
nm) for enzyme immobilization. The catalytic kinetics results show that SPC encapsulation
affected the affinities of enzymes and substrates but significantly enhanced their catalytic
activity. The stability test indicates that SPC-encapsulated horseradish peroxidase (HRP)
exhibits ultrahigh resistance to external harsh conditions and has a longer storage life than that
of soluble HRP. The proposed encapsulation strategy enables 7.73-, 2.22-, and 11.66-fold
relative activities when working at a pH as low as 3, at a NaCl concentration as high as 500
mM, and at a trypsin concentration as high as 10 mg/mL. We find that SPC encapsulation
accelerates the cascade reaction efficiency of HRP and glucose oxidase. Owing to SPCs D,

enhancing the catalytic activity of the loaded enzymes, we established an amplified enzyme-

linked immunosorbent assay (ELISA) for the detection of Escherichia coli O157:H7 using HRP-loaded SPCs. The detection
sensitivity of SPC-improved ELISA was found to be 280 times greater than that of conventional HRP-based ELISA. Altogether, we
provide an elaborate evaluation of S00 nm SPCs on enzyme immobilization and its application in the ultrasensitive detection of
foodborne pathogens. This evaluation provides evidence to reveal the potential advantage of SPCs on enzyme immobilization for
enzyme-based immunoassays. It has excellent biological activity and strong stability and broadens the application prospect in urine,
soy sauce, sewage, and other special samples.
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1. INTRODUCTION

Immunoassays are widely used in medicine, agriculture,
. . . .12
environmental governance, and bioengineering. "~ Among

enzymes, which can further enhance the detection sensitivity of
enzyme-based immunoassays.'*~ '

With the rapid development of nanotechnology, magnetic
nanoparticles (NPs),'® carbon nanotubes,'” silica-based nano-
materials,'® cellulose-based nanovesicles,'” polymer nano-
capsules,” and resin NPs*' have been increasingly applied in
enzyme engineering because of their favorable properties such
as large and unique surface area and special chemical

them, enzyme-based immunoassays play a prominent role
and are used in commercialized bioanalytical approaches based
on the high catalytic activity of commercial enzymes, high
selectivity, and mature preparation technology.”* However, it

is gradually discovered that conventional enzyme-based
immunoassays are limited for trace detection because of their
often unsatisfactory detection sensitivity.s’6 On this basis, a
great number of strategies have been developed to improve the
detection sensitivity of enzyme-based immunoassays.”® Among
them, the utilization of nanomaterials with unique physical and
chemical properties to achieve enzyme immobilization is a
promising approach in enzyme-based immunoassay re-
search.”'’ In theory, enzyme immobilization can be used to
couple multiple enzyme molecules onto one single nanocarrier
to achieve integration of the enzymes’ catalytic signals and
therefore achieve signal amplification.'”'” In addition, a great
deal of evidence proves that enzyme immobilization can
increase the enzymes’ half-life, improve their stability, and
increase their catalytic activity compared to that of free
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composition. Despite these properties, most confined
enzymatic systems are still confronted with great chal-
lenges.””*” For instance, tightly packed enzymes within host
materials typically lack conformational freedom, which may
greatly affect molecular recognition.”* Mass transfer of
substrates or products to the enzymes can also be a limiting
factor, and thus, internally adsorbed enzymes may display
substantially reduced activity.”> Moreover, traditional incorpo-
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ration methods, such as adsorption, often result in low loading
or high leaching due to weak interaction or pore size
mismatching.26 Therefore, mild immobilization is required,
which would ensure maintaining of the enzyme structure,
flexible catalytic space to ensure the enzymes’ catalytic and
conformational freedom, and which would impose only a weak
barrier to product or/and substrate mass transfer.

In various enzyme-immobilizing strategies, polyelectrolyte
capsules (PCs) have been used for enzyme immobilization due
to their simple preparation, stability, adjustable thickness, (in
general) biocompatibility, environmental friendliness, and
tunable semi-permeability.””*® Until now, many natural
enzymes, including horseradish peroxidase (HRP),” glucose
oxidase (GOx),” catalase (CAT),”" a-galactosidase,”” alkaline
phosphatase,” malate dehydrogenase,”* and so on, have been
successfully immobilized in PCs, and these developed
biocatalysts have also been broadly used in biosensing,
heterogeneous catalysis, clinical medicine, and cell biology.
Sufficient research results prove that PCs can encapsulate a
large number of different enzyme molecules to achieve
enormous signal amplification and can also provide protection
for the encapsulated enzyme molecules to extend their storage
and catalytic stability.*>*® Inspired by this, several enzyme-
loaded PCs were prepared for establishing improved enzyme-
based immunoassays.””*® However, most of these enhanced
immunoassays still use microscale PCs to encapsulate enzyme
molecules. Moreover, there are still few reports focusing on the
use of submicron PCs (SPCs) for enzyme immobilization and
their applications in enzyme-based immunoassays.

On this basis, we here use 500 nm CaCO; NPs, polystyrene
sodium sulfonate (PSS), and polyallylamine hydrochloride
(PAH) to prepare 500 nm SPCs for investigating the impact of
SPCs on enzyme activity and stability in enzyme immobiliza-
tion. These SPCs are around a factor of 4—10 smaller than
typically used PCs with diameters of a few micrometers. The
introduction of the porous structure of CaCO; NPs as the
sacrificial template can provide high loading of enzyme
molecules.” For investigating the impact of encapsulation by
SPCs on the enzymes’ activity, we first encapsulated HRP and
GOx into the SPCs to prepare HRP@SPCs and GOx@SPCs,
respectively. The catalytic kinetic results indicate that the
packing into SPCs not only affects the enzymes’ affinity to the
substrate and their catalytic rate but also may amplify the
catalytic signal of the enzymes. Testing of the stability of
HRP@SPCs showed that SPCs can provide strong protection
for packed HRP under harsh conditions. Subsequently, GOx
and HRP were used as a cascade catalysis combination to
investigate the potential of SPCs in enzymatic cascade
reactions. In this combination, the intermediate product
H,0, was readily consumed by hemin or CAT in biological
samples. The results indicate that the microenvironment
constructed by SPCs could effectively locally retain H,O,
when CAT was present in the system, thereby maintaining a
stable cascade reaction. Based on these results, we then used
HRP-loaded SPCs to establish an enzyme-linked immuno-
sorbent assay (ELISA) for the detection of Escherichia coli
0157:H7. The results show that the detection sensitivity of the
enzyme amplification ELISA was 280 times greater than that of
the conventional HRP-based ELISA. In general, this work
evaluated the potential of 500 nm SPCs as enzyme
immobilizers in amplifying enzyme signals, improving enzyme
stability, promoting the development of multi-enzyme cascade

reaction catalysts, and enhancing the sensitivity of enzyme-
based immunoassays.

2. EXPERIMENTAL SECTION

2.1. Materials. Calcium chloride (CaCl,), sodium
carbonate (Na,CO,), PSS (M,,: 70,000), PAH (M,: 15,000),
glycol, bovine serum albumin (BSA), glucose, ethylenediami-
netetraacetic acid:2Na (EDTA-2Na), HRP, CAT, and GOx
were purchased from Sigma-Aldrich Chemical (Shanghai,
China). H,0,, 3,3’,5,5 -tetramethylbenzidine (TMB), strepta-
vidin (SA), sulfo—NHS—biotin, fluorescein isothiocyanate
(FITC), and rhodamine B (RhB) isothiocyanate were
purchased from Thermo Fisher Scientific Inc. (Shanghai,
China). Purified Milli-Q water prepared from the Milli-Q
system was used throughout this study (Millipore, Milford,
MA, USA). Phosphate buffer (PB, pH 7.4, 0.01 M) was
prepared by adding 290.10 mg of Na,HPO,-12H,O and 68.05
mg of NaH,PO,2H,0 in 1000 mL of Milli-Q water.
Phosphate-buffered saline (PBS) solution was prepared by
adding NaCl into PB at the concentration of 0.01 M. PBST
(washing buffer) was prepared by adding 0.5% Tween-20 to
the PBS solution. The pH was adjusted to 7.4 before use unless
otherwise specified. All other analytical-grade chemicals were
purchased from Sinopharm Chemical Corp. (Shanghai, China)
and used without further purification.

2.2. Instrument and Characterization. UV-—visible
absorbance spectra were collected using a UV—vis spectropho-
tometer (G10S, Thermo Fisher Scientific Inc., USA). Dynamic
light scattering (DLS) analysis was conducted using a Malvern
Nano-Z90 zetasizer (Malvern Panalytical Ltd., Worcestershire,
UK). The concentration of SPCs was measured by a NP
tracking analysis machine (Nano Sight LM 14C, Malvern
Panalytical Ltd.). The shape and size of the NPs were
determined with a JEOL transmission electron microscope
(JEM 2100, Tokyo, Japan) and a Hitachi scanning electron
microscope (S-4800, Tokyo, Japan). A commercial 96-well
plate reader was obtained from Corning Inc. Technology
Company (Cytation S, BioTek, USA).

2.3. Bacterial Culture. One hundred microliter of the
bacterial solution was added to the Luria—Bertani (LB) broth
and cultured for 12 h in a 37 °C shaker with noticeable
turbidity. The bacteria were activated on the nutrient agar plate
and cultured for 12 h in a 37 °C constant-temperature
incubator. After colonies appeared, the inoculating loop was
used to pick a single colony, inoculate it into the LB broth, and
cultivate it overnight in a 37 °C shaker at 150 rpm. One
milliliter of the bacterial solution was placed in a 1.5 mL sterile
centrifuge tube and gradient diluted with sterile PBS solution
(pH 7.4, 0.01 M). Then, 100 uL of the diluted bacterial
solution was applied to the nutrient agar plate and placed in a
37 °C incubator for counting. The high concentration of the
bacterial solution was placed in water, boiled for 10 min, and
then centrifuged at 8000g for S min. The bacteria were washed
3 times with sterile PBS solution. The precipitate was stored at
4 °C for later use after being resuspended.

2.4. Synthesis of the Enzyme Containing CaCO; NPs.
To synthesize CaCO; NPs, a synthesis buffer was first
prepared by adding 45 g of glycol into 200 g of freshly
prepared Milli-Q water. Subsequently, 50 mg/mL PSS
solution, 4 mg/mL enzyme solution, 2 mg/mL Na,CO;
solution, and 2 mg/mL CaCl, solution were prepared by
dissolving the corresponding chemical powder into the
synthesis buffer. Then, 1 mL of CaCl, solution, 50 uL of

https://doi.org/10.1021/acsomega.3c00180
ACS Omega 2023, 8, 12393—12403


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00180?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

L1

AN

15 ;
—e— CaCO, NPs Py 10 ]
2 5
—+— SPCs E
K] 0
§ 5
2 10 ;
©
® 15 1
N
-20 1
=28 1 1 2 2 3 3
0 1000 2000 3000 4000 PSS PAH PSS” PAH" PSS PAH
Size (nm)

— H,0,+TMB

— HRP+H,0, + TMB

~ CaCO,NPs +H,0,+ TMB

— HRP@CaCO, NPs + H,0, + TMB
PSS +PAH +H,0,+ TMB

— HRP@SPCs + H,0, + TMB

550 600

700 750

Wavelength (nm)

Figure 1. Synthesis and characterization of HRP-loaded SPCs (HRP@SPCs). (A) Schematic diagram of the synthesis of enzyme-loaded SPCs.
Anion polyelectrolyte PSS was employed to regulate the CaCO; synthesis. Then, the prepared CaCO; core was coated by PSS and cation
polyelectrolyte PAH via layer-by-layer technology. The hollow SPCs were obtained by using EDTA-2Na to dissolve CaCO;. (B) SEM image of
CaCOj; NPs. (C) DLS analysis of the hydrodynamic diameter of CaCO; NPs and SPCs. (D) { potentials of the CaCO; NPs after the addition of
subsequent polyelectrolyte double layers of PSS/PAH. DLS and { potential analyses were performed in ultrapure water. (E) SEM image of the
synthesized HRP@SPCs. (F) UV—vis absorbance spectra of the catalytic reaction of TMB and H,0, by a series of catalysts.

enzyme solution, and 250 uL of PSS solution were added to a
S mL beaker and stirred at 550 rpm for 10 min to fully form
the CaCO;@PSS complex. After that, 1 mL of Na,CO;,
solution was quickly added into the mixture and stirred at
550 rpm for 30 min. The enzyme containing CaCO; NPs with
PSS ligand (CaCO,@PSS) was purified by centrifugation at
8000g for 10 min, and the precipitate was washed twice with
the synthesis buffer.

2.5. Synthesis of SPCs with Immobilized Enzymes.
The SPCs were formed by PSS and PAH polyelectrolytes
through a layer-by-layer process.”” The PAH solution was
prepared by dissolving PAH powder into the synthesis buffer
to a concentration of 30 mg/mL. Next, a layer-by-layer process
was carried out on the 500 nm CaCO;@PSS containing the
enzymes. First, the as-prepared CaCO;@PSS was resuspended
in 950 pL of synthesis buffer, and then 50 yL of PAH solution
was added to this mixture and ultrasonicated for S min. The
ultrasonically treated solution was then moved to a shaker and
shaken for 15 min. The PAH-coated NPs (CaCO,@PSS/
PAH) were then purified through centrifugation at 8000g for
10 min. The precipitate was washed twice with the synthesis

buffer. Similar procedures were applied to achieve subsequent
additional PSS and PAH layers. Finally, the resulting
CaCO,@(PSS/PAH), NPs were suspended in 1 mL of
Milli-Q water and stored at 4 °C for further use.

Afterward, 5 mL of the freshly prepared EDTA-2Na solution
was then added into the above-prepared CaCO,@(PSS/
PAH), NP solutions to dissolve the CaCO; core. These
mixtures were then moved to 4 °C and kept dissolving
overnight. The capsules were purified by centrifugation at
8000g for 15 min and resuspended in Milli-Q water.

2.6. Measurement of the Catalytic Kinetics of Soluble
and SPC-Immobilized Enzymes. Kinetic measurements
were carried out by following the enzymatic (ie, HRP
caused) conversion of TMB by monitoring the change in
absorbance at 650 nm with 0.5 min intervals.”' Experiments
were conducted using 11 pM HRP in 1.0 mL of 0.10 M
sodium acetate (NaAc) buffer (pH 5.0) at 37 °C or 0.125 pM
HRP@SPCs in 1.0 mL of 0.10 M NaAc buffer (pH 5.0) at 37
°C. To investigate the double reciprocal plots of the activity of
HRP, assays were performed under standard reaction
conditions as described above by varying the concentrations
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of TMB at a fixed concentration of H,0, or vice versa. The
Michaelis—Menten constant was calculated using the Line-
weaver Burk plot: 1/V = K,/(Vl[S]) + 1/V,,, where V is
the initial velocity, V,,,, is the maximal reaction velocity, and
[S] corresponds to the substrate concentration.”” As reported
by Zhang et al,* the catalytic kinetics of GOx were measured
by using a similar procedure via an HRP-coupled colorimetric
assay. In brief, GOx was used to catalyze glucose, and the
generated H,O, could be measured by an HRP-carried out
colorimetry assay.

2.7. Preparation of FITC-Labeled HRP- and RhB-
Labeled GOx. One milliliter of 1 mg/mL FITC solution was
mixed with 20 mg/mL HRP solution and 0.13 M NaHCO;
solution (pH 8.0) for 12 h to prepare FITC-labeled HRP.
Then, the excess FITC was removed using a PD-10
chromatographic column (Global Life Sciences Solutions
Operations UK Ltd., 17-0851-01). FITC-labeled HRP was
recovered by freeze-drying for further use. RhB-labeled GOx
was prepared by a similar procedure.

2.8. Biotin-Labeling of Detection Antibodies. Four
milligrams of antibodies was added to a sulfo—NHS—biotin
solution (0.05 mg/mL) dissolved in PBS solution (pH 7.4,
0.01 M). The reaction was carried out on a mixer for 4 h,
followed by dialysis with PBS solution (0.01 M, pH 7.4) for 3
days in order to get purified biotinylated antibodies.

2.9. SA-Labeled HRP@SPCs. With reference to the
method reported by Shao et al, we directly coupled SA and
SPCs through an electrostatic interaction.** First, SA was
added to 1 mL of SPC solution (PBS, pH 6.5, 0.01 M)
dropwise to a final concentration of 10 pg/mL and was reacted
at 25 °C for 60 min. After the reaction, 100 uL of 1% (W/V)
BSA solution was added to block the excess sites on the SPCs
by a 30 min reaction. Excess BSA and SA were removed by
centrifugation and removal of the supernatant containing the
free BSA and SA, and the precipitate containing the SA-labeled
HRP@SPCs was redissolved in 500 uL of PBS.

2.10. Detection Procedure of the HRP@SPC-Based
ELISA. First, 100 uL of antibody (S pg/mL) used as the
capture antibody for the coating of the plates was dissolved in
PBS buffer (0.01 M, pH 7.4), and the solution was added to a
96-well plate and reacted overnight at 4 °C. After the reaction,
the plate was washed with PBST 3 times, and 300 uL of BSA
(10 mg/mL), used for blocking non-specific adsorption, was
added to react at 37 °C for 2 h. Then, the 96-well plate was
rewashed with PBST 3 times, and 100 uL of the standard
samples to be tested with different concentrations was added
and reacted at 37 °C for 1 h. Next, the 96-well plate was
washed with PBST 3 times, and 100 uL of biotin-labeled
detection antibody (10 pg/mL) was added at 37 °C for 1 h.
After the reaction, the 96-well plate was washed 3 times by
PBST for removing the excess biotinylated detection antibod-
ies. Afterward, 100 uL of SA-SPC (1S5 ug/mL) was added to
the microplate, and the 96-well plate was placed at 37 °C to
connect HRP-loaded SPCs and the immunocomplex by the
highly effective reaction of biotin and SA. Then, the 96-well
plate was washed 3 times for removing the unreacted SA-SPCs.
Finally, 100 uL of the TMB substrate was added to each well
of the plate, and the 96-well plate was placed at 37 °C for 30
min. The absorbance at 650 nm was measured with a 96-well
plate reader and photographed with a camera.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of Enzyme-
Loaded Capsules. In the present work, the classical layer-
by-layer technology was used to prepare SPCs by employing
CaCO; NPs as the sacrificial template (Figure 1A). HRP-
loaded CaCO,; NPs (HRP@CaCO; NPs) were first synthe-
sized by a PSS-regulated method. As shown in Figure 1B, the
synthesized HRP@CaCO; NPs exhibited uniform sphericity
with a diameter of 530 + 57 nm (n = 50). The hydrodynamic
diameter of HRP@CaCO; NPs was measured as 497 nm
(Figure 1C). Afterward, a polyelectrolyte layer coating was
formed by a lay-by-layer assembly process (Figure 1A). In
theory, more layers of PSS and PAH can provide higher
stability to avoid unwanted leakage.*> However, as each
additional layer requires a washing step, the increased number
of washing steps also can lead to a loss of the encapsulated
molecules. PSS and PAH layers may also restrict the catalytic
activity of the packed enzymes, e.g., due to hindered transport
of enzymatic substrates and products. Therefore, we first
optimized the layer number of PSS and PAH layers by
measuring the relative catalytic activity to obtain high catalytic
activity and stability. As shown in Figure S1, the relative
catalytic activity and the leakage ratio of HRP-loaded
CaCO;@(PSS/PAH), decrease as the number of PSS/PAH
layers increases before three PSS/PAH layers. Thus, the
optimum layer number of PSS/PAH was found to be 3. The
results of {-potential measurements for each layer indicated
that PSS and PAH were successfully coated on the surface of
CaCO; NPs (Figure 1D). Figure 1C shows a slight increase in
size after dissolving the CaCOj template cores. Subsequently,
the saturated HRP loading amount was optimized. In the
optimization, 0, 0.25, 0.50, 1.00, 2.00, and 4.00 mg/mL HRP
solutions were used to synthesize CaCO,@(PSS/PAH),.
Figure S2 shows that the absorbance value gradually increases
with the increase of HRP concentration and then begins to
stabilize when the HRP concentration is 1 mg/mL, indicating
the saturation effect. Under the same CaCO,@(PSS/PAH),
concentration, CaCO,@(PSS/PAH); prepared by 1 mg/mL
HRP solution had the highest catalytic activity. Hence, 1 mg/
mL HRP was used to prepare the HRP-loaded CaCO,@(PSS/
PAH);. After preparing HRP-loaded CaCO;@(PSS/PAH);,
the CaCOj; template was dissolved by EDTA-2Na to prepare
HRP-loaded SPCs (HRP@SPCs). A complete and hollow
structure of HRP@SPCs is presented in the SEM image
(Figure 1E). Catalytic properties of the HRP@SPCs were
tested by catalyzing H,O, and TMB. As shown in Figure S3,
HRP@CaCO; NP- and HRP@SPC-catalyzed H,0O, and TMB
exhibited the typical blue color. The relevant UV absorbance
spectrum (Figure 1F) showed that the maximum absorbance
of the blue solution is 650 nm. All the above results confirmed
that HRP was successfully loaded into the HRP@SPCs.

3.2. Catalytic Kinetics of Soluble and SPC-Packed
HRP. After preparing the HRP@SPCs, the impact of SPCs on
the catalytic kinetics of HRP was evaluated by a steady-state
kinetics assay. By comparing the catalytic kinetics of HRP and
HRP@SPCs, the signal amplification potential of SPC-based
HRP immobilization and the effect of packing HRP into SPCs
can be roughly understood. Before the evaluation, the catalytic
conditions of HRP and HRP@SPCs, including reaction
temperature, H,0, concentration, pH, and reaction time,
were optimized. Figure S4 shows that the optimum catalytic
conditions of HRP@SPCs are 37 °C, 0.1 M H,O,, pH 5.0, and
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Table 1. Catalytic Kinetics of HRP, GOx, HRP@SPCs, and GOx@SPCs according to the Michaelis—Menten Model”

E = enzyme [E] (M) substrate K,, (mM) Vinae (1078 M/s) K (s7)
HRP 1.10 x 107" H,0, 2.39 321 2.92 X 10
HRP 1.10 x 107" TMB 026 4.61 4.18 x 10°
HRP@SPCs 125 x 1071 H,0, 51.80 118 9.20 x 10*
HRP@SPCs 125 x 1071 TMB 0.20 0.71 5.68 x 10*
GOx 5.00 X 1071 glucose 4.23 253.66 5.07 X 10°
GOx@SPCs 1.00 x 107" glucose 54.94 357.50 3.58 X 10°
“The concentrations of HRP, GOx, HRP@SPCs, and GOx@SPCs were 11 pM, 0.125 pM, 0.5 nM, and 1 nM, respectively.
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Figure 2. Evaluation of the stability of HRP@SPCs and free HRP. (A) Scheme of SPSs on the protection of the encapsulated enzyme. Under the
protection of SPCs, the immobilized enzyme shows higher harsh condition tolerance than the soluble enzyme. (B) Catalytic activity of HRP@SPCs
and free HRP after incubation in different pH soluble solutions for 1 h. (C) Effect of NaCl concentration on the activity of HRP@SPCs and soluble
HRP. (D) Relative activity of HRP@SPCs and free HRP after exposure to protease trypsin. (E) Storage stability of HRP@SPCs and free HRP at
25 °C and pH 7.0 for 1 month. For each curve, the value for the maximal absorbance at 650 nm was set as 100% of the relative activity. The relative
activities of HRP@SPCs and HRP under different conditions were calculated according to the value of 100% of relative activity. All the error bars

were calculated by three repetitions.

30 min of catalytic reaction time; the optimum catalytic
conditions of soluble HRP were 37 °C, 0.025 M of H,0,, pH
5.6, and 15 min of catalytic reaction time. After obtaining the
optimum catalytic conditions, the parameters involving the
Michaelis constant (K,,), maximal rate (V. ), and turnover
number (K_,) of HRP and HRP@SPCs were measured.
Typical Michaelis—Menten equations were obtained by
changing the H,0, or TMB concentrations (Figure S5), and
the results are summarized in Table 1. As shown in Table 1,
regardless of whether H,O, or TMB was used as a substrate,
the K, value of HRP@SPCs showed 1 order of magnitude
enhancement compared to that of soluble HRP, indicating that
SPC encapsulation is a potential signal amplification strategy
for immunoassays.

In contrast, the V., value and affinity of the enzyme toward
the substrate were weakened by SPC encapsulation. Of note,
SPC encapsulation exhibited a weaker influence when using
TMB as the substrate. These results indicate that SPC
encapsulation might impact the enzyme kinetics. To further
prove this conclusion, we then used SPCs to load GOx
(GOx@SPCs) and tested the catalytic kinetics of soluble GOx
and GOx@SPCs using glucose as the substrate (Figure S6).
The results in Table 1 show that SPC encapsulation weakens
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the affinity of GOx and glucose but promotes the catalytic
activity of GOx. Thus, in general, SPC encapsulation reduced
the affinity of the enzyme and substrate. This result is probably
due to the polyelectrolyte walls that hinder the mass transport
of substrates and products. However, concerning catalytic
rates, SPC encapsulation exhibited different effectiveness for
HRP and GOx. This may explain the current debate about the
effect of polyelectrolytes on enzyme activity."® The incon-
sistency in previous reports suggests that the influence of
polyelectrolytes on enzyme activity is likely to vary depending
on the nature of enzymes and substrates.

3.3. Protection Performance of SPCs to HRP. In
addition to using SPCs to amplify the catalytic signal to
enhance the detection sensitivity of enzyme-based immuno-
assays, the protection performance of SPCs to the loaded
enzyme would also be essential for reducing transportation and
storage costs. Herein, we used HRP@SPCs to investigate the
environmental tolerance of SPC-packed and soluble HRP
through 1 h of treatment under different pH values, NaCl
solutions, and trypsin solutions (Figure 2A). The relative
catalytic activities of packed HRP and free HRP were
monitored through catalytic oxidation of TMB by H,0,. As
shown in Figure 2B, soluble HRP exhibited a lower endurance
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error bars were calculated by three repetitions.

capacity in alkaline and acidic conditions than packed HRP.
Meanwhile, packed HRP gave strong endurance capacity in
high concentrations of salt solution, which means that SPCs
can provide preservation of the loaded HRP (Figure 2C).

On the other hand, soluble HRP lost its catalytic activity at a
10 mg/mL trypsin concentration. In contrast, the catalytic
activity of packed HRP had no noticeable change after
treatment with high concentrations of trypsin (Figure 2D). All
these results proved that SPCs can increase the environmental
tolerance of packed HRP. Furthermore, the storage stability of
HRP@SPCs was further evaluated by monitoring the catalytic
activity of HRP@SPCs and HRP every 5 days. The HRP and
HRP@SPCs were dissolved in 0.01 M PBS solution and stored
at 25 °C. As shown in Figure 2E, the catalytic activity of
soluble HRP had a significant feebleness on the fifth day and
left only approximately 10% catalytic activity after 30 days,
whereas HRP@SPCs retained almost 80% catalytic activity
after being stored at 25 °C for 30 days. This finding indicated
the excellent long-term storage stability and absence of
significant leakage in HRP@SPCs during storage. Thus,
SPCs can provide favorable protection to the loaded HRP.
These results generally imply that SPC-based enzyme
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amplification has potential for commercial enzyme-based
immunoassays, including improved detection sensitivity and
reduced transportation and storage costs.

3.4. SPC-Based Enzyme Cascade Catalysis. To date,
growing cascade biocatalysts have been developed. However,
most of these cascade biocatalysts fail in practical applications
because the complicated catalytic environment is always
unamiable for intermediate products of cascade catalysis."”
For example, GOx and HRP cascade catalysis-based immuno-
assays for detecting human blood and living cell samples
should consider that GOx-generated H,O, may be consumed
by hemin or CAT enzymes in the biological environment.**
However, if cascade catalysis can be completed in an
independent microenvironment, the risk of intermediate
product consumption could be minimized. Therefore, we
hypothesized that SPC-based enzyme cascade catalysis
amplification can circumvent this risk because the coloaded
enzymes can complete cascade catalysis in SPC-provided
microenvironments. To verify this hypothesis, GOx and HRP
were chosen as a model cascade combination to synthesize
GOx- and HRP-coloaded SPCs (GOx@HRP@SPCs). As
shown in Figure 3A, GOx could catalyze glucose to generate
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gluconic acid and H,0,, which in turn is the substrate for the
HRP-catalyzed oxidation of TMB. We used SPCs to
encapsulate FITC-labeled HRP and RhB-labeled GOx to
verify that GOx and HRP could be loaded into SPCs
simultaneously. As shown in Figure S7, the synthesized
GOx- and HRP-coloaded SPCs (GOx@HRP@SPCs) ex-
hibited a uniform spherical shape with green (FITC) and
red (RhB) fluorescence. Then, the catalytic activity of the
prepared GOx@HRP@SPCs was evaluated by catalyzing a 250
mM glucose and 8 mM TMB mixture. Interestingly, only
GOx@HRP@SPCs and simultaneous addition of GOx and
HRP to glucose and TMB could catalyze the oxidation
reaction of TMB (Figure 3B). Thus, GOx and HRP were
successfully loaded into SPCs and exhibited their intrinsic
catalytic activity. We then optimized the ratio of GOx and
HRP in SPCs to ensure that the GOx@HRP@SPCs could
exhibit the highest catalytic performance. The results in Figure
3C indicate that the optimum ratio of GOx and HRP in
synthesizing GOx@HRP@SPCs was GOx/HRP = 4:6. We,
however, want to point out that this is the enzyme ratio in the
protein mix used for the encapsulation. As the encapsulation
efficiency of GOx and HRP could be different, the resulting
enzyme ratio in the SPCs could be somewhat different. Under
the optimized synthesis conditions, the catalytic conditions,
including pH, catalytic temperature, concentration of glucose,
catalytic time of GOx@HRP@SPCs, and GOx and HRP
combinations, were optimized (Figure S8). In our concept,
GOx- and HRP-based cascade catalysis is confined in the SPC-
protected microenvironment. The prepared GOx@HRP@
SPCs were used to catalyze glucose and TMB mixtures in
the presence of CAT to explore this concept. This well-known
native enzyme can catalyze the breakdown of H,O, to generate
O, and H,O, protecting cells from the oxidative damage
caused by H,0,.*" For comparison, GOx and HRP
combinations with the same enzyme ratio (GOx/HRP =
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4:6) and the same concentration of CAT were used. The
results in Figure 3D demonstrate that the relative cascade
catalysis efficiency of GOx@HRP@SPCs was maintained at
95% after adding CAT into the reaction. In contrast, the GOx
and HRP combination (i.e.,, the enzymes without encapsula-
tion) retained only 48% cascade catalysis efficiency upon the
addition of CAT. These results prove that SPCs can provide an
independent microenvironment for cascade catalysis and
therefore assist cascade catalysis-based immunoassays in
circumventing disturbance from samples.

3.5. Development of HRP@SPC-Based ELISA for
Ultrasensitive Detection of E. coli O157:H7. ELISA is
one of the most common immunoassays for detecting
biochemical targets and has been widely used in food safety,
environmental monitoring, and clinical diagnosis.50 Never-
theless, the major drawback of conventional ELISA is the
relatively low detection sensitivity when using HRP to label
biorecognition molecules (e.g., antibodies and aptamers).’
Therefore, enzyme-based amplification technology is a
promising strategy to increase the detection sensitivity of
ELISA.* Herein, we established an HRP@SPC-based ELISA to
test SPC-based enzyme amplification for performing signal
amplification in immunoassays. In this ELISA, E. coli O157:H7
was chosen as the model target analyte because E. coli
O157:H7 is a common pathogenic bacterium and requires a
very low detection rate or no detection in the food safety
standards of many countries.”’ As shown in Figure S9, the
designed capsule-based strategy for the fabrication of highly
efficient biocatalysts was then integrated into the ELISA
platform with the help of a biotin—SA system to realize highly
sensitive detection of E. coli O157:H7. In brief, E. coli
O157:H7 in the sample solution bound to the capture
antibodies that were immobilized on 96-well plates, to form
immunocomplexes. The formed complexes could then capture
biotinylated detection antibodies, and then the captured
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biotinylated detection antibodies were further linked to SA-
labeled HRP@SPCs for detection. To gain the highest
detection sensitivity, the coupling conditions of pH and the
content of SA on the surface of the SPCs were optimized
(Figure S10). Then, the detection conditions also were
optimized by a checkerboard titration method at an E. coli
0157:H7 concentration of 1 X 10° cfu/mL. Table S1 shows
that the optimal concentrations of biotinylated detection
antibodies and capture antibodies were 1.25 and 5 ug/mL,
respectively. As a comparison, a conventional ELISA was
established by a similar method.

Under these optimized conditions, standard curves of
HRP@SPCs and HRP-based ELISA for detecting E. coli
O157:H7 were generated by analyzing a series of E. coli
0157:H7-spiked milk standard solutions. Using conventional
HRP-based ELISA, the standard curve showed a linear
detection range at E. coli O157:H7 concentrations from 5 X
10* to 5 X 107 cfu/mL, with a correlation coefficient (R* =
0.9926; Figure 4A). After SPC amplification, the linear
detection range of HRP@SPC-based ELISA was S X 10' to
5 X 10° cfu/mL (R* = 0.9932; Figure 4A). Even at § X 10'
cfu/mL, the wells also exhibited a distinctive blue color,
whereas no color changes appeared in the negative control well
(Figure 4B). This result demonstrates the potential of the
HRP@SPC-based ELISA in detecting ultralow concentrations
of E. coli O157:H7, including a single bacterial cell in a 100 uL
sample solution. Conventional ELISA methods have limited
HRP labeling on anti-IgG antibodies. When HRP@SPCs are
linked to the detection antibodies through the biotin—SA
system, more HRP can be involved in the reaction. A highly
sensitive assay can be easily obtained by generating a large
number of signal tags from the HRP@SPC to generate an
amplified detection signal.

To evaluate the specificity of the developed method, we also
tested eight common pathogenic bacteria in spiked milk
samples. A significantly increased optical density value in the E.
coli O157:H7-spiked milk sample is shown in Figure 4C,
whereas only minor changes were observed in all other
samples, indicating excellent selectivity for E. coli O157:H7
determination. Recovery and coefficient of variation studies of
E. coli O157:H7-spiked samples were conducted to evaluate
the accuracy and precision of the proposed method. The
results in Tables S2 and S3 indicate that our established
HRP@SPC-based ELISA has high accuracy and precision and,
therefore, could be used for practical applications.

4. CONCLUSIONS

In this work, we used SPCs to encapsulate HRP or GOx to test
the influence of nanoscale SPC encapsulation on the catalytic
kinetics of HRP and GOx. The results indicate that the
encapsulation can impact K, and V_, of encapsulated
enzymes as well as significantly amplify the enzymes’ catalytic
signals. We then tested the protection ability of 500 nm SPCs
for encapsulated HRP in harsh pH, NaCl, and trypsin
conditions as well as the storage stability. The stability study
of HRP@SPCs and soluble HRP proved that SPCs could
provide protection to packed enzymes in harsh conditions and
increase the storage capability of HRP. GOx- and HRP-
coloaded SPCs also exhibited superiority for cascade catalysis
in biosamples. The ability of SPCs to enhance enzyme-based
immunoassays was tested by establishing a HRP@SPC-based
ELISA to detect E. coli O157:H7. SPC-based ELISA exhibited
an approximately 280-fold improvement in detection sensi-

tivity as compared with conventional ELISA. In summary, this
work provides a systemic evaluation of 500 nm SPCs for
enzyme immobilization and enhancing the detection perform-
ance of immunoassays.
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