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ABSTRACT: Multiple-enzyme cooperation simultaneously is an
effective approach to biomass conversion and biodegradation. The
challenge, however, lies in the interference of the involved enzymes with
each other, especially when a protease is needed, and thus, the difficulty
in reusing the enzymes; while extracting/synthesizing new enzymes
costs energy and negative impact on the environment. Here, we present
a unique approach to immobilize multiple enzymes, including a
protease, on a metal−organic material (MOM) via co-precipitation in
order to enhance the reusability and sustainability. We prove our
strategy on the degradation of starch-containing polysaccharides
(require two enzymes to degrade) and food proteins (require a protease
to digest) before the quantification of total dietary fiber. As compared to
the widely adopted “official” method, which requires the sequential
addition of three enzymes under different conditions (pH/temperature), the three enzymes can be simultaneously immobilized on
the surface of our MOM crystals to allow for contact with the large substrates (starch), while MOMs offer sufficient protection to the
enzymes so that the reusability and long-term storage are improved. Furthermore, the same biodegradation can be carried out
without adjusting the reaction condition, further reducing the reaction time. Remarkably, the simultaneous presence of all enzymes
enhances the reaction efficiency by a factor of ∼3 as compared to the official method. To our best knowledge, this is the first
experimental demonstration of using aqueous-phase co-precipitation to immobilize multiple enzymes for large-substrate biocatalysis.
The significantly enhanced efficiency can potentially impact the food industry by reducing the labor requirement and enhancing
enzyme cost efficiency, leading to reduced food cost. The reduced energy cost of extracting enzymes and adjusting reaction
conditions minimize the negative impact on the environment. The strategy to prevent protease damage in a multi-enzyme system
can be adapted to other biocatalytic reactions involving proteases.

KEYWORDS: cascade biocatalysis, enzyme immobilization, one-pot synthesis, metal−organic frameworks, metal−organic materials,
protease protection, total dietary fiber quantification

■ INTRODUCTION

Cascade biocatalysis in parallel with other biocatalytic
reactions via multiple enzymes is an effective approach to
degrade or convert large biomass substrates, given the high
selectivity, biocompatibility, and reaction efficiency,1−8 result-
ing in valuable chemical/biochemical components and new
biofuel resources. However, the cost of the involved enzymes
and the difficulty in isolating/reusing the enzymes after a
reaction place a major hurdle in the cost efficiency of this
strategy. Because the involved enzymes are extracted from
nature or synthesized in a biochemistry laboratory, energy
from non-sustainable sources is often needed, negatively
impacting the environment. Furthermore, in case a protease
is needed, which is common in reactions involving food-
protein digestion,9,10 the enzymes cannot work in parallel but

sequentially under different conditions, increasing the reaction
time and operation complexity, the latter of which often leads
to high uncertainties. Immobilizing all needed enzymes, either
together or individually, on large solid surfaces may improve
the reusability, but the surface-to-volume ratio is not
ideal.11−15 Nanoparticles can improve such ratios but would
result in protease contact with other enzymes on nearby
particles.11,16 Porous materials (including zeolites17−20 and
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MOFs), microporous materials, as well as enzyme aggregates
may improve the protection but will block the access of the
large biomass substrates.15,16,21−25 Thus, how to simulta-
neously protect the involved multiple enzymes while allowing
for large substrate contact, or, at least, finding a compromise of
the two aspects, is essential for broadening the application of
this strategy in biomass degradation.26,27

Here, we present a strategy that offers such a compromise
and demonstrate it on an important biomass degradation
reaction, the degradation of polysaccharides and food proteins,
a prerequisite of quantification of total dietary fiber (TDF) in
foods.9 Due to the importance of TDF to human health, U.S.
Food and Drug Administration (FDA) requires precise TDF
contents for all commercial food products.28−31 Before
quantifying TDF, the polysaccharides and food proteins in a
food sample need to be digested. In the widely adapted official
method, three enzymes, heat-stable α-amylase (heat-stable
AMY), protease, and amyloglucosidase (AMG), are applied
sequentially (but not together; see Figure 1) under specific

conditions in three steps:32 (1) at 95 °C, pH 6.0, heat-stable
AMY is added for ∼30 min to degrade starch to maltose,32,33

(2) at 60 °C, pH 7.5, protease is added for 30 min to degrade
food proteins and reduce viscosity, and (3) at 60 °C, pH 4.5,
AMG is added for 20 min to degrade maltose to glucose
(Figure 1).34 The total time, including adjusting the reaction
conditions (pH, temperature) for each step, is at least 150 min
for an experienced operator with sufficient training. Poor
enzyme reusability, the long/complex operation procedures,
and the energy to adjust reaction conditions make the official
method non-sustainable, expensive, time-/energy-consuming,
and with high chances of error (due to the complicated
procedure).
In our recent discovery, we found that an enzyme can be

partially exposed above the surface of metal−organic frame-

works/materials (MOFs/MOMs) upon co-crystallization while
being partially buried (and thus, protected) in the
scaffolds;35−40 here, MOMs are usually referred to as 1D or
2D structures, while MOFs are 3D frameworks according to a
strict definition.41 This strategy can offer enhanced enzyme
protection to a satisfying extent so that a reasonable number of
reuse cycles can be achieved. We, therefore, apply this strategy
to immobilize multiple enzymes including a protease
simultaneously (designated as the “3-in-1” biocomposites) as
well as individually (which can later be combined together in
the same system) with a Ca-based MOM, Ca-BPDC
(biphenyl-4,4′-dicarboxylic acid).35 The reaction medium is
water, which minimizes enzyme damage during co-crystal-
lization. We proved the presence of the involved enzymes,
either together or individually in each MOM, structurally (via
confocal fluorescence imaging on fluoro-labeled enzymes) and
functionally (via standard activity assays). The reusability was
then assessed against the standard commercial starch samples,
the results of which indicated comparable catalytic efficiency
and reusability between the 3-in-1 composite and the mixture
of three single composites in the short term (2−3 days).
However, upon long-term storage, the mixture of composites
showed reduced reusability likely caused by the enhanced
chance of protease contact with other enzymes in the adjacent
co-crystals. Remarkably, we found that both the 3-in-1 and the
mixture of single composites showed a reduced reaction time
(∼55 min total) as compared to ∼150 min in the official
method, enhancing the efficiency of single digestion by a factor
of ∼3. Here, we define “cascade/parallel” biocatalysis because
AMY and AMG work in a cascade fashion, while the protease
can digest food protein in parallel with polysaccharide
degradation.
To our best knowledge, this is the first experimental

demonstration of using aqueous-phase co-precipitation to
encapsulate multiple enzymes including a protease to carry out
multiple biocatalytic reactions simultaneously. As compared to
most works on enzyme encapsulation in MOFs,15,42−51 our
strategy allows for immobilization of enzymes that are larger
than MOF pores. Different from the existing co-precipitation-
based enzyme-immobilization works,52−57 our method allows
for partial exposure of all three enzymes. Different from the
“official” method of food digestion, our method significantly
enhances the digestion rate and can potentially change the way
to quantify TDF in commercial food samples; together with
the high reusability of the expensive enzymes, our strategy will
lead to a broad impact on the food industry such as enhanced
accuracy in TDF content measurements and reduced food
cost. The strategy to prevent protease damage to other
enzymes in a multi-enzyme system can be generalized to other
systems/problems involving protease or other enzymes that
degrade proteins.

■ RESULTS AND DISCUSSION
Experimental Design. Our goal is to co-immobilize three

enzymes involved in food/polysaccharide digestion, AMY, a
protease, and AMG. A popular enzyme immobilization
platform is the zeolitic-imidazolate framework (ZIF-8), which
requires the organic phase (MeOH) and, thus, enzyme
protection via polymers during the reaction.53 We have tested
this strategy but found it difficult to retain enzymes’ activities
in the resultant ZIF-8 crystals (the activity data are nearly
negligible as compared to our Ca-MOM and therefore, not
shown) likely due to the incomplete protection of the relatively

Figure 1. Schematic illustration of the complex and time-consuming
procedure for TDF quantification using the “official” method. The
involved enzymes are color-coded as indicated in the figure. The time
and operation of each step are highlighted above and below the white
arrows connecting the steps. RT = room temperature. The involved
enzymes cannot be recycled (dotted arrow), while the reaction time is
at least 150 min for an experienced operator.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c12209
ACS Appl. Mater. Interfaces 2021, 13, 43085−43093

43086

https://pubs.acs.org/doi/10.1021/acsami.1c12209?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c12209?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c12209?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c12209?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c12209?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


large enzymes involved in our system as well as the
interference of polymer wrapping that suppresses enzyme
function. Note that AMY and AMG had been immobilized on
ZIF-8 in an aqueous phase;58 however, no protease was
included therein. We also attempted aqueous-phase biominer-
alization of ZIF with our three enzymes and found low-
enzyme-loading capacity and low-quality co-crystals. We,
therefore, seek an alternative co-precipitation platform.
Inspired by our recent Ca-MOM work,35 we found it possible
to encapsulate enzymes via the co-precipitation of Ca2+ and
some carboxylate ligands in water at room temperature. The
co-precipitation of enzymes and Ca-MOM composites was
relatively rapid with relatively large (tens of μm), round-shape
crystals (see the next section), while the resultant enzymes
were functional. Among the available carboxylate ligands, we
found that BPDC (Figure 2A) offers a good balance of co-

crystal stability and enzyme activity.35 Thus, Ca-BPDC MOM
becomes the choice of platform in this work. Because MOMs
can potentially enhance the thermal stability of enzymes as
well, in this work, we replaced the expensive heat-stable AMG
in the official method with the regular AMY to further reduce
the cost. The schematic illustration of our synthesis and
resultant composite is shown in Figure 2.

Synthesis and Characterization of the Single-
Enzyme@Ca-BPDC Composites. We first prepared a
single-enzyme@Ca-BPDC composite to confirm that the Ca-
BPDC can host and retain the function of each enzyme. We
individually mixed ∼1.0, 3.0, and 25.0 mg of AMY, protease,
and AMG, respectively, with ∼25 mM CaCl2 and ∼20 mM
BPDC-Na2 in ∼1.0 mL of water and incubated at room
temperature under gentle nutation overnight (also see the
Supporting Information). The enzyme amounts were selected
so that excess enzymes were present in the reaction medium to
ensure a high enzyme loading, while the relative ratio was
derived based on the official method.32 Upon the removal of
unreacted species via centrifugation and resuspension (with
water) 3 times, each composite was subjected for character-
ization. The presence of each enzyme was confirmed via
confocal fluorescent imaging on FITC-labeled AMY, protease,
and AMG co-precipitated with Ca2+ and BPDC in water, one
at a time. The resultant images shown in Figure 3A−C (color
was tuned to show the difference) indicate the presence of
each enzyme in Ca-BPDC as well as the overall shape of the
MOMs. The scanning electron microscopy (SEM) images also
confirmed the shape (see Figure 4A). Fourier transformation
infrared was also carried out to confirm the successful
immobilization of enzymes in Ca-BPDC (Figure S4). As
shown in Figure 3D, the powder X-ray diffraction (PXRD)
images of AMY@Ca-BPDC, protease@Ca-BPDC, and AMG@
Ca-BPDC composites are consistent with that of the pure Ca-
BPDC MOM and the simulated pattern as reported before,59

which indicates that a layer-by-layer structure was formed

Figure 2. (A) Reaction scheme of co-crystallization of Ca2+, BPDC,
and three enzymes in water to generate the biocomposites with the
three enzymes co-encapsulated on the surface of the Ca-BPDC
MOM. (B) Structure of Ca-BPDC MOM was derived based on the
PXRD pattern, which is consistent with our recent finding.31

Figure 3. Confocal fluorescent images of the FITC-labeled (A) AMY, (B) protease, and (C) AMG upon encapsulation in Ca-BPDC. (D) PXRD
patterns of Ca-BPDC (red) and its simulation (black) as well as AMY (cyan), protease (orange), and AMG (blue) encapsulated in Ca-BPDC. (E)
TGA data of Ca-BPDC and each enzyme encapsulated in Ca-BPDC. (F) Temperature dependence of the relative activity of each enzyme@Ca-
BPDC under pH 7.4. The “unit” of activity is defined by the commercial resource and/or the activity kit of each enzyme (see the Supporting
Information).
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(because the data have been reported, we did not carry out a
full analysis of the PXRD pattern). The PXRD data also
confirmed that the encapsulation of the enzyme does not affect
crystallinity significantly. The thermal gravimetric analysis
(TGA) data (Figure 3E) suggested the gradual weight loss of
enzymes in the Ca-BPDC MOMs. In particular, from 100 to
170 °C is the weight loss of water and from 240 to 500 °C is
the loss of enzymes. The TGA data also indicated an ∼2.0%
w/w of enzyme encapsulation (Figure 3E) for each enzyme,
which was further confirmed by protein UV absorption
measurements after disassembling Ca-BPDC via the PBS
buffer (due to the strong interaction between PO4

3− and metal
which breaks the Ca-BPDC network). The enzyme loading
efficiency (amount of loaded enzyme over the total added
enzyme) was estimated as ∼5%. This yield is not higher than
other immobilization approaches such as physical adsorption
or grafting. However, our MOMs approach is more advanta-
geous in terms of preventing leaching (compared to

adsorption) and avoiding chemical changes in the enzyme
(compared to grafting).

Catalytic Activity of Each Enzyme in the Composites.
Commercial AMY, protease, and AMG and the associated
activity kits60 were employed to test the activity of each
enzyme (see the Supporting Information). A commercial
starch from potato (Sigma-Aldrich cat. no. S2004-1KG) was
selected to test the activities of AMY and AMG based on the
formation of coloring complexes upon the production of
maltose and glucose over time, respectively.32,34 The activity of
the protease was assessed based on the enhanced fluorescence
over time due to the cleavage of a fluorescent-labeled peptide
provided by the kit (see the Supporting Information). For all
activity assays, we are monitoring the generation of the
coloring complexes over time, and thus, the activity data
comprise the increased optical absorption intensity as a
function of time. Because all enzymes were purchased from
commercial sources, the enzyme activity was evaluated by unit

Figure 4. (A) SEM image of the 3-in-1 composite. (B−F) Confocal fluorescent images of the fluorescent-labeled mixture of (B) AMY, (C)
protease, and (D) AMG upon encapsulation in Ca-BPDC with fluorescent excitation at 488, 520, 647, 534, and 607 nm. (G) PXRD patterns of Ca-
BPDC (red) and its simulation (black), as well as the 3-in-1 composite encapsulated in Ca-BPDC (cyan), the 3-in-1 composite after one (orange),
and five cycles (blue). (H) TGA data of Ca-BPDC and the 3-in-1 composite. (I) Temperature dependence of the relative activity of the AMG in
the 3-in-1 composite measured under pH 7.4.
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per gram/volume of the enzyme depending on/according to
the definition of units from the commercial source of the
enzyme (see the Supporting Information). As a positive
control, the activity of each enzyme in the solution was
determined. The pH dependence of each enzyme’s activity at
room temperature (Figure S1A−C) indicates that AMY and
AMG have optimal pH at 5.5−7.0, while protease optimal pH
is 7.4, close to expectations suggested by each activity assay/
kit. Also, the temperature dependence of the activity test
(based on total product generation) indicates that both AMY
and AMG have optimal activity at 37 °C, while the protease
optimal activity is at ∼60 °C (pH 7.4; see Figure S1D).
Interestingly, upon encapsulation in Ca-BPDC, the temper-
ature dependence of the relative activity of each composite
(based on total product generation of each enzyme) indicates
that the optimal temperature of AMY and AMG has been
increased to 50−60 °C, suggesting that Ca-BPDC enhances
the thermal stability of encapsulated enzymes (Figure 3F). As
negative controls, Ca2+, BPDC, or Ca-BPDC did not show any
activity using the commercial kits (data not shown). Also, the
SEM and PXRD of each composite upon treatment under high
temperatures (up to 70 °C) were reasonably close to those
before the treatment, suggesting that the enzyme@Ca-BPDC
composites were reasonably stable and had an intact structure
after the high-temperature treatment.
Synthesis and Characterization of the 3-in-1 Compo-

site. To prepare a “3-in-1” composite, in 1 mL water we co-
crystallized Ca2+, BPDC-Na2, and various relative molar ratios
of AMY/protease/AMG. Note that due to the high efficiency
of most proteases, the AMY/protease ratio of close to 1:1 in
the official method32 is anticipated to offer more than sufficient
degradation of food proteins in most cereal samples.
Furthermore, protease is not part of the AMG/AMY cascade
but only works in parallel with them. Thus, the precise
amount/ratio of protease is less important, and in this work,
for simplicity, we kept the AMY/protease ratio at 1:1. Upon
removing the unreacted species, we quickly tested the activity
of AMY and AMG using the corresponding commercial kits
and found that the molar ratio of 1:1:5 offered the best activity
(see Figure S2). Therefore, in this work, we kept this ratio for
further characterization and catalytic activity studies. The
morphology of the 3-in-1 composite (Figure 4A) is close to the
shape shown in Figure 3A−C. Next, we labeled AMY, protease,
and AMG with FITC, ATTO-520, and ATTO-647 and
acquired confocal fluorescent images at 488, 520, and 647

nm, respectively (Figure 4B−D). To confirm the co-existence
of all three enzymes in the “3-in-1” composite, images were
also acquired at 534 and 607 nm, which excited the
fluorescence of multiple wavelengths and resulted in multiple
colors in the images (Figure 4E,F). The PXRD patterns of the
“3-in-1” composites were found to be similar to that of the
pure Ca-BPDC (Figure 4G), indicating that the enzymes did
not affect Ca-BPDC crystallinity. TGA (Figure 4H) and UV
data indicated a similar loading capacity (∼2−3%) for the
three enzymes together. At the current moment, it is difficult
to distinguish the loading capacity of each individual enzyme in
the “3-in-1” composites. Note that the fluorescent intensity in
the confocal images may not reflect the relative molar ratio of
the three enzymes in the 3-in-1 composites precisely due to the
uncertainty in fluoro-labeling efficiency and the potential errors
in acquiring the images.
Our activity assay of each enzyme in the “3-in-1” composite

(Figure S3A), using the kits (see the above section “Catalytic
Activity of Each Enzyme in the Composites”), suggests that co-
localization of the three enzymes in one MOM does not affect
the functionality of AMG and protease (AMY activity cannot
be measured since maltose was degraded by AMG). Note that
the activity of each enzyme can only be measured separately
using the commercial kit of each enzyme (but not
simultaneously), although the overall activity of the cascade
reaction can be measured by the final product of the starch
digestion (glucose; see the section below). The temperature
effect on the catalytic performance of the “3-in-1” composite
was also examined based on AMG (Figure 4I) and protease
activity assays (Figure S3B); the optimal temperature becomes
45−55 °C, which will be kept for further studies. We did not
directly compare the catalytic performance of the “3-in-1”
approach to the physical mixture of the three free enzymes in
solution because the protease would degrade the function of
AMY and AMG in a physical mixture without MOM
protection.

Reusability and Enhanced Catalytic Performance. To
assess the reusability, we assessed the activity of the “3-in-1”
composite under continuous catalytic cycles in a short-term
(within 2 days) as well as long-term storage using the same
activity kits. In the short term, we assessed eight cycles taking
place in 2 days (Figure 5A) based on AMG and protease
activities (determining the total product generation of each
enzyme), which show 75−90% of activity after eight reuse
cycles. Note that after five cycles, the PXRD pattern was not

Figure 5. (A) Short-term reusability of the 3-in-1 composite assessed based on AMG activity (left) and protease activity (right). (B) Long-term
reusability of the 3-in-1 composite as compared to the mixture of three single enzyme@Ca-BPDC composites. (C) Enhancement in catalytic
efficiency as reflected by the reduced reaction time using the 3-in-1 composite as compared to the official method. The reaction is completed when
the AMG activity reaches the plateau.
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altered substantially (Figure 4G), indicating that the
crystallinity of our composite was mostly retained after reuse.
During the long-term storage (one catalytic cycle on each day;
Figure 5B), we found that the “3-in-1” composite showed ∼87
± 2% activity at Day 10 as compared to that on Day 1
(uncertainty was obtained on three separately prepared
samples monitored for 10 days separately). However, the
mixture of three composites of single enzyme@Ca-BPDC
(under the same final enzyme molar ratio) started showing
reduced activity at Day 3 as compared to the “3-in-1”
composite and 77 ± 3% at Day 10 (Figure 5B). The
composites were believed to be stable as judged by the
unchanged PXRD pattern (data similar to Figure 4G cycle five
and are not shown). We rationalized this finding as a higher
chance of protease to contact and degrade AMY or AMG@Ca-
BPDC in the mixture, while in the “3-in-1” composites, this
chance was reduced since the three enzymes are on the same
surface (which at least reduces the chance of protease
degrading other enzymes in the same composite; Figure
6A,B). These data indicate the effectiveness of the “3-in-1”

composite in biocatalysis and the enhanced reusability as
compared to the mixture of the three single-enzyme@Ca-
BPDC composites. It has to be pointed out that the “3-in-1”
approach is not perfect in preventing protease damage. We
observed serious AMY/AMG activity loss (>50%) after a very
long term (2 months) of storage at room temperature.
However, the protease damage was much reduced (∼25%) if
the composites were stored at 4 °C for the same period. Thus,
the “3-in-1” approach can offer some advantages for
biocatalysis. We do not believe that there is noticeable enzyme
leaching during the recycled catalytic experiments because of

the relatively high reusability of the composites as well as the
near-zero protein concentration (probed via UV−vis spectros-
copy) in the supernatant of the catalytic mixture after a
reaction cycle.
We also compared the catalytic performance, or, more

specifically, reaction time, of our 3-in-1 composite to the
“official” method. Our comparison was based on monitoring
the generation of glucose using the same potato starch.
Following Figure 1, using the heat-stable AMY, protease, and
AMG, we found that it took slightly more than 150 min to
complete the reaction. Meanwhile, using 1 mL of our “3-in-1”
composites and the same substrate at 45 °C and pH 7.4
(Figure 4I), we found that it took 0.5−2 h to reach the same
glucose production depending on dilution ratios (Figure 5C).
Such an exciting finding suggests that the “3-in-1” strategy can
be effective in boosting cascade biocatalysis under a single
temperature/pH. The reproducibility of the data was also
found to be excellent likely due to the simplified experimental
procedure.
It has to be noted that, to our best knowledge, we cannot

precisely determine the relative ratio of the three enzymes in
the 3-in-1 composites using the current protein technology
without breaking down the composites/crystals. Because we
can only control the initial loading amount of each enzyme
before forming the 3-in-1 composites, it may not be a 100%
fair comparison between the 3-in-1 composite and the official
method. On the other hand, if one considers Ca-BPDC as a
platform or method to improve biocatalysis and compare this
method to the official method, then some reasonable
comparison can still be made. For example, for the same
batch of enzyme mixture with the same initial ratio of the three
enzymes, it is fair to compare the catalytic efficiency between
the three enzymes directly applied for catalysis and three
enzymes immobilized on Ca-BPDC first and then applied for
catalysis. In fact, introducing Ca-BPDC as a multi-enzyme
immobilization platform/method is the key goal of this work.
Meanwhile, we are striving our best to develop ways to
precisely determine enzyme ratios in the 3-in-1 composites
(without breaking down the crystals), but in this work, we
would like to present the possibility of simultaneously
immobilizing three enzymes on one Ca-BPDC crystal to
enhance the catalytic efficiency and reusability.

Advantages of the 3-in-1 Composite, Future Direc-
tion, and Broader Impact. Here, for proof-of-principle, we
demonstrated the possibility of co-immobilizing three enzymes
on the same surface of a Ca-based MOM, which can be
synthesized under enzyme-friendly environments, and its
application in enhancing food digestion for rapid TDF
quantification. The close proximity of AMG and AMY offers
an opportunity to improve the catalytic efficiency of
polysaccharide degradation via cascade biocatalysis. In parallel,
food proteins can be degraded by the protease (Figure 6C). All
of the above relies on the partial exposure of the three enzymes
on the surface of the MOM, which also offers partial protection
against the reaction medium so that a certain number of reuse
cycles are possible. More importantly, this allows for the use of
one reaction condition (temperature, pH) to complete the
food digestion, which significantly enhances the efficiency
(Figure 6D). Also, all enzymes can be reused, further reducing
the cost of TDF quantification. This effort can potentially
change how the food industry quantifies TDF and lead to a
decrease in the labor requirement for food production/
quantification, eventually reducing food cost/price. Being

Figure 6. (A,B) Schematic illustration of using the 3-in-1 composite
to reduce the long-term protease damage during storage. (C)
Illustration of the parallel biocatalysis of polysaccharide degradation
(by AMY and AMG) and food protein digestion (by protease). (D)
Schematic illustration of the enhanced catalytic performance using
our 3-in-1 composite.
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able to reuse enzymes and minimizing operation conditions/
operations also saves energy, placing a positive impact on the
environment. Further improvement may be needed to improve
the portion of exposed enzymes (as compared to those
completely buried under the MOM surface) as well as enhance
the separation/recycling efficiency after each reaction, both of
which are our ongoing research directions. Nevertheless, the
current data generates excitement for our unique strategy for
immobilizing multiple enzymes, especially those involving
proteases.

■ CONCLUSIONS
We found an effective approach to simultaneously immobilize
multiple enzymes including a protease on the surface of
micrometer-scale co-crystals for cascade/parallel biocatalysis.
The synthetic reaction condition is “green”, mild, and enzyme-
friendly, which assists in retaining the enzyme catalytic activity
and minimizes enzyme damage during the immobilization. We
proved this strategy on three digestive enzymes that are
frequently employed in food quantification, AMY, protease,
and AMG, which were separately as well as simultaneously
immobilized on a Ca-MOM, Ca-BPDC. While all enzymes
showed the expected catalytic behavior, Ca-BPDC protection
did enhance the thermal stability of the resultant composite,
indicating the possibility of replacing the expensive heat-stable
AMY with the regular AMY. The resultant composites are
stable enough for multiple catalytic reaction cycles, further
improving the cost-efficiency of the immobilized enzymes. The
3-in-1 approach showed advanced reusability over long-term
storage as compared to that of the mixture of the three single-
enzyme@Ca-BPDC composites. Most importantly, using the
3-in-1 composite, we found it possible to reduce the time
required for digesting a commercial starch sample by a factor
of ∼3 as compared to the widely adopted official method for
food digestion, indicating the possibility of boosting TDF
quantification in the food industry. To our best knowledge, this
is the first experimental report of using aqueous-phase co-
crystallization to encapsulate multiple enzymes for multiple
biocatalytic reactions in parallel. The significantly enhanced
digestion efficiency can potentially change the way to quantify
TDF in all commercial food samples, leading to enhanced
accuracy in TDF content measurements and reduced food
cost. The strategy to prevent protease damage to other
enzymes in a multiple-enzyme system can be adapted to other
systems/problems involving protease or other damaging
enzymes.

■ EXPERIMENTAL SECTION
Materials and Measurements. All chemicals and biochemical

supplies were purchased from commercial sources in high purity; the
involved experiments were carried out without purification. All
characterization, including PXRD, single-crystal X-ray diffraction,
SEM, TGA, and confocal fluorescence spectroscopy of the involved
materials follows the published procedures using the equipment
described in our recent works.35,50 Details are provided in the
Supporting Information.
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