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trategies for preparation of multi-
catalytic enzyme polymer conjugates and
enhancement of high temperature biocatalysis†
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We report a general and modular approach for the synthesis of multi enzyme–polymer conjugates (MECs)

consisting of five different enzymes of diverse isoelectric points and distinct catalytic properties conjugated

within a single universal polymer scaffold. The five model enzymes chosen include glucose oxidase (GOx),

acid phosphatase (AP), lactate dehydrogenase (LDH), horseradish peroxidase (HRP) and lipase (Lip).

Poly(acrylic acid) (PAA) is used as the model synthetic polymer scaffold that will covalently conjugate and

stabilize multiple enzymes concurrently. Parallel and sequential synthetic protocols are used to

synthesise MECs, 5-P and 5-S, respectively. Also, five different single enzyme–PAA conjugates (SECs)

including GOx–PAA, AP–PAA, LDH–PAA, HRP–PAA and Lip–PAA are synthesized. The composition,

structure and morphology of MECs and SECs are confirmed by agarose gel electrophoresis, dynamic

light scattering, circular dichroism spectroscopy and transmission electron microscopy. The bioreactor

comprising MEC functions as a single biocatalyst can carry out at least five different or orthogonal

catalytic reactions by virtue of the five stabilized enzymes, which has never been achieved to-date. Using

activity assays relevant for each of the enzymes, for example AP, the specific activity of AP at room

temperature and 7.4 pH in PB is determined and set at 100%. Interestingly, MECs 5-P and 5-S show

specific activities of 1800% and 600%, respectively, compared to 100% specific activity of AP at room

temperature (RT). The catalytic efficiencies of 5-P and 5-S are 1.55 � 10�3 and 1.68 � 10�3, respectively,

compared to 9.11 � 10�5 for AP under similar RT conditions. Similarly, AP relevant catalytic activities of

5-P and 5-S at 65 �C show 100 and 300%, respectively, relative to native AP activity at RT as the native

AP is catalytically inactive at 65 �C. The catalytic activity trends suggest: (1) MECs show enhanced

catalytic activities compared to native enzymes under similar assay conditions and (2) 5-S is better suited

for high temperature biocatalysis, while both 5-S and 5-P are suitable for room temperature biocatalysis.

Initial cytotoxicity results show that these MECs are non-lethal to human cells including human

embryonic kidney [HEK] cells when treated with doses of 0.01 mg mL�1 for 72 h. This cytotoxicity data is

relevant for future biological applications.
1. Introduction

Here an easy, novel, modular and general method to synthesize
highly catalytically active and stable multi (ve) enzyme poly(-
acrylic acid) conjugates (MECs) is presented. PAA serves as
a universal scaffold and is able to chemically conjugate several
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enzymes of varying isoelectric points. Comprehensive catalytic
activities of MEC based bioreactor are investigated and
compared to single enzyme–PAA conjugates and native or
unmodied enzymes.

Nature utilizes a multi-enzyme catalytic complex, cellulo-
some, for efficient hydrolysis of cellulose.1 Using Nature as an
inspiration, a major challenge is to design a bioreactor con-
taining multiple enzymes that are covalently or chemically
conjugated within a single universal scaffold. For industrially
relevant applications, these multi enzyme conjugates are
required to present stability, high catalytic activity, environ-
mentally conscious features in cascade catalytic reactions or
several orthogonal non-cascade catalytic reactions.2–5

Several examples of multiple enzymes physically adsorbed or
encapsulated within a single scaffold are known. For instance,
a set of three3 enzymes, comprised of glucose oxidase, lactate
RSC Adv., 2017, 7, 29563–29574 | 29563
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oxidase, and galactose oxidase, are non-covalently immobilized
on an electrode using polyethylene glycol as a spacer and used
for quantication of glucose, lactate, and galactose at milli-
molar concentrations.6 However, this immobilization strategy
show leaching of enzymes from the electrode and displays a 20–
25% reduction in catalytic activities. In another example, thir-
teen (13) different enzymes are physically adsorbed onto carbon
nanotubes/carbon paper and used an enzymatic biofuel cascade
reactor for sugar-based battery applications. While these non-
immobilized multi-enzymes present good activities at room
temperature, the ability to function at higher temperature and
long-term storage and usage are not addressed.7 Since catalytic
activities are typically enhanced at higher temperatures, strat-
egies to stabilize multiple enzymes for catalysis at temperatures
higher than 25 �C are benecial. These limitations of enzymes
can be overcome, at least in principle, by the covalent conju-
gation of enzymes with well-dened, suitably selected, synthetic
polymers via facile but mild synthetic approaches.8 By
combining proteins and polymers in a “synergistic” manner,
new structures and unique materials can be designed, and
properties of both components can be enhanced for specic
applications.9,10

Covalent or chemical conjugation of a single enzyme within
a polymer or an inorganic support is well-understood. For
example, using site-specic attachment strategies, single
enzymes can be conjugated to end groups of polyethylene
oxide.11,12 These precisely dened single enzyme conjugates are
used for biological applications.13 Single enzymes can also be
randomly conjugated within polyacrylic acid (PAA) framework
such that amino groups on the enzyme chemically react with
carboxylic acid groups on PAA.14,15 Several such single enzyme
conjugates are synthesized and display high stability and
enhanced biocatalytic activities at higher temperatures and in
organic solvents compared to native or unmodied enzymes.16

There is only one known example of two different enzymes
covalently conjugated to a single polymer support.8 Amine
groups on GOx and HRP are covalently and randomly attached
to carboxylic groups on PAA catalyzed by EDC resulting in GOx–
HRP–PAA bienzyme conjugates. These bienzyme conjugates
present unprecedented catalytic activity and stability at 65 �C
with little or no leaching of the active catalysts. Furthermore,
PAA acts as a buffer and these enzymes are stabilized over pH of
2.5–7.4. While these reports suggest that PAA would be an
Table 1 Key properties of glucose oxidase (GOx), horseradish peroxidase
(Lip)

Enzymes

Molecular weight (g mol�1) 160 000 40 000
pI 4.6 3–9
Number of Lys residues 30 6

29564 | RSC Adv., 2017, 7, 29563–29574
excellent universal scaffold for conjugation of multiple
enzymes, a general strategy for chemical covalent conjugation
of several of different isoelectric points, amino groups and
catalytic features within a universal polymer scaffold has not
been achieved. The multiple enzyme polymer conjugate (MECs)
platform will be very useful for cascade catalysis or in orthog-
onal single stream non-cascade chemical transformations.

In the present study, PAA is used a universal scaffold to
covalent tether enzymes including glucose oxidase (GOx),
horseradish peroxidase (HRP), lipase (Lip), acid phosphatase
(AP) and lactate dehydrogenase (LDH) to form multi-catalytic
enzyme complex (MEC). These ve enzymes are chosen due to
their widely different isoelectric points and surface availability
of lysine groups (Table 1). These enzymes also used in several
biocatalytic applications. For example, GOx and HRP catalyze
redox transformations in sensing, catalysis, and waste-water
remediation and they serve as cascade dyads.17–23 In contrast,
LDH catalyzes dehydrogenation reactions for the production of
enantiopure (�) lactate and 2-hydroxy acids that are precursors
to many pharmaceutical drugs24,25 and for sensing of lactate.26

Hydrolases like AP are used widely for waste remediation, metal
recovery,27 and determination of surfactants,28 whereas lipases
are employed for the production of pharmaceutical drugs,
cosmetics, leather, detergents, foods, perfumery, medical
diagnostics and other synthetic materials.29–32 More impor-
tantly, LDH, GOx and HRP display signicant reduction of
catalytic activities at 50 �C, while the activity of Lip and AP is
rapidly decreases above 40 �C.8,33–35 Methods to stabilize these
enzymes so that they can function at high temperatures are
needed to enhance their catalytic activities and is a challenge
that should be addressed.

Multiple enzyme–PAA conjugates (MECs) are synthesized
using two different routes (Scheme 1). In Route 1, a parallel
synthesis strategy is used: (step 1) Single enzyme–PAA conju-
gates are synthesized using GOx (yellow), HRP (green), AP
(blue), LDH (black) and lipase (red) and PAA (brown string) to
form GOx–PAA, HRP–PAA, AP–PAA, LDH–PAA and Lip–PAA,
(step 2) these enzyme–PAA conjugates are mixed and cross-
linked using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) to form MECs (5-P, Scheme 1A). In Route 2, a sequential
synthesis strategy of MEC is used: PAA and 5 enzymes are stirred
together for 10–20 min and crosslinked using EDC to formMEC
(5-S, Scheme 1B). The two MECs differ considerably in their
(HRP), lactate dehydrogenase (LDH), acid phosphatase (AP) and lipase

146 400 45 080 57 100
5.5 4.5–6.0 4.3–4.7
104 16 20
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Scheme 1 Two different routes to synthesizeMECs. In Route 1 (A), individual enzyme–PAA conjugates are synthesized using EDC chemistry, and
then further crosslinked to prepare 5-P. In Route 2 (B), PAA and all 5 enzymes are mixed together and subsequently crosslinked using EDC to
prepare 5-S. Here, GOx, HRP, AP, LDH and Lip are represented by yellow, green, blue, black and red circles, respectively, and PAA is shown as
brown strings.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ju

ne
 2

01
7.

 D
ow

nl
oa

de
d 

on
 7

/6
/2

02
5 

11
:1

9:
21

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
microenvironment due to fundamental differences in the
synthesis protocols used and, therefore, it is critical to investi-
gate their biocatalytic behaviors. Unprecedented stability and
catalytic activities of these MECs at room temperature and at
65 �C, compared to SECs and native unmodied enzymes under
similar conditions, are reported.
2. Experimental section
2.1 Materials

PAA (Mv¼ 450 000 gmol�1 whereMv is viscosity averagemolecular
weight), GOx (Aspergillus niger), lipase (Candida rugosa), hydrogen
peroxide (H2O2), glucose, o-methoxyphenol, EDC, NADH, sodium
pyruvate, 4-nitrophenyl acetate, 4-nitrophenyl phosphate and
uranyl acetate are purchased from Sigma-Aldrich (St. Louis, MO).
HRP and LDH (Sus scrofa) are purchased from Calzyme Labora-
tories INC, San Luis Obispo, CA. AP (Triticum aestivum) is
purchased fromMP Biomedicals, Solon, OH. Agarose is purchased
from Molecular Biology Hoefer Inc., Allison, MA. All native
enzymes are puried by dialysis. The HEK-293T cell line [ATCC
CRL-11268] is purchased from ATCC (Mananas, VA).
2.2 Synthesis of MECs

MECs are synthesized using ve different enzymes and PAA by
two different synthesis routes, which include parallel (2-steps)
and sequential synthesis (1-step). Key features of the ve
enzymes are displayed in Table 1.

2.2.1 Parallel synthesis of 5-P. MECs are synthesized using
a two-step parallel process. In the step 1, individual enzyme–PAA
conjugates are synthesized using EDC chemistry. First, a 2% w/v
stock solution of PAA is prepared by dissolving PAA in DI water
and pH is adjusted to 7. Second, 2.8 mL of the PAA solution is
mixed with phosphate buffer, 10 mM, at pH 7.4 and activated by
EDC. Molar ratio of EDC to –COOH is maintained at 1.5 : 1.
Third, the mixture is stirred for 20 min and then stock solution
of GOx dissolved in PB is added dropwise such that molar ratio
This journal is © The Royal Society of Chemistry 2017
of enzyme : PAA is 1 : 1 and total solution volume is 10 mL and
stirred for 6 h. Finally, covalent conjugation is achieved through
carboxyl groups on PAA and lysine amino groups on enzymes
and GOx–PAA conjugates are prepared. In a similar manner the
other four enzyme–PAA conjugates are synthesized. In step 2,
ve different enzyme–PAA conjugate are mixed with EDC and
cross-linked. The EDC : –COOH ratio is maintained at 1.5 : 1.

2.2.2 Sequential synthesis of 5-S. Synthesis of MEC is
carried out in one step. Here 5.6 mL of PAA stock solution and 5
enzymes are combined such that the molar ratio of total enzy-
mes : PAA at 1 : 1 and stirred for 20 min. These molar ratios are
chosen based on literature reports.8,30 To this mixture, EDC is
added such that the molar ratio of EDC : –COOH from PAA is
1.5 : 1 and the mixture is stirred for 20 min. The sample is
dialyzed using a 25 kDa dialysis membrane in pH 7.4 PB to
remove unreacted EDC and EDC-urea byproducts. As a control
experiment, all ve enzymes are mixed together in the absence
of PAA, which resulted in a precipitate. Thus, conjugation with
PAA is necessary to prevent aggregation and precipitation of the
ve enzymes. Further experimental details on characterization
of MECs by zeta potential, agarose gel electrophoresis, circular
dichroism, transmission electron microscopy, dynamic light
scattering as well as catalytic activity measurements and
kinetics studies is presented in the ESI.†
3. Results

In this study, a general and modular method by which GOx,
HRP, AP, LDH and Lip are conjugated to PAA by parallel and
sequential strategies to formMECs, is presented. In the parallel
synthetic method, individual enzyme–PAA conjugates are rst
synthesized (GOx–PAA, HRP–PAA, Lip–PAA, AP–PAA, and LDH–

PAA) and then these enzyme–PAA conjugates are further
treated with EDC to produce MEC, 5-P. In the sequential
synthesis route, all 5 enzymes and PAA are mixed together in
specic ratios and then crosslinked covalently with EDC to
form MEC, 5-S.
RSC Adv., 2017, 7, 29563–29574 | 29565
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3.1 Synthesis of MECs

3.1.1 Synthesis of 5-P. The MEC, 5-P, is synthesized in two
steps. In step 1, single enzyme–PAA conjugates are synthesized.
For example, PAA is activated using EDC and GOx is then added
dropwise to form covalently conjugated GOx–PAA. Molar ratios
of EDC : –COOH and total enzyme : PAA are maintained at
1.5 : 1 and 1 : 1, respectively. Random covalent conjugation
between PAA and GOx is achieved by reaction through –COOH
groups on PAA and lysine NH2 groups on GOx. The conjugation
reaction is carried out for 6 h followed by dialysis using 25 kDa
dialysis membrane in pH 7.4 PB for 3 cycles of 5 h each. Final
concentration of GOx in the GOx–PAA conjugate is 12.5 mM.
Other enzyme–PAA conjugates including HRP–PAA, AP–PAA,
Lip–PAA and LDH–PAA are similarly synthesized and puried
by dialysis. In step 2, GOx–PAA, HRP–PAA, AP–PAA, Lip–PAA
and LDH–PAA are mixed in equimolar amounts and stirred for
20 min. Then, EDC is added such that molar ratio of EDC : –
COOH is 1.5 : 1. Aer 6 h, the samples are puried by dialysis to
remove unreacted EDC and EDC-urea. Final concentration of
each enzyme in 5-P is 6.5 mM.

3.1.2 Synthesis of 5-S. Sequential synthesis of MEC is
carried out in one step. All 5 enzymes including GOx, HRP,
LDH, Lip and AP in equimolar amounts and PAA are mixed
together in a specic molar ratio such that total enzyme : PAA
concentration was 1 : 1 and stirred for 20 min. Chemical
conjugation is initiated by the addition of EDC and multi
enzyme conjugate, 5-S is synthesized. Final concentration of
each enzyme in the 5-S is 6.5 mM, similar to 5-P. Successful
synthesis of enzyme–PAA, 5-P and 5-S was conrmed using
agarose gel electrophoresis, zeta potential, and TEM.
3.2 Agarose gel electrophoresis

Successful conjugation of enzymes to PAA and formation of
MECs is conrmed by agarose gel electrophoresis studies at pH
7.4 in 40 mM Tris acetate buffer. In Fig. 1A, lanes 1–7 are loaded
with Lip, GOx, LDH, AP, HRP, 5-P and 5-S, respectively. Agarose
gel data for single enzyme–PAA conjugates is shown in Fig. S1,
ESI.† Electrophoretic mobility of enzymes and enzyme-
conjugates will depend on the charge and the molecular
weight. Native enzymes GOx, AP, Lip and LDHmove towards the
Fig. 1 (A) Agarose gel image of enzymes (lipase, GOx, LDH, AP and
HRP), 5-P, and 5-S loaded in lanes 1–7, respectively. Electrophoresis is
performed in 40 mM Tris acetate at pH 7.4. (B) Zeta potentials of 5-P
(green), 5-S (black), GOx–PAA (blue), and GOx (red), performed at
25 �C in 10 mM PB at pH 7.4.

29566 | RSC Adv., 2017, 7, 29563–29574
positive electrode due to the net negative charge on these
enzymes.36 The staining of HRP in the gel is very poor and its
electrophoretic properties could not be established. The MECs
will have high molecular weight and may remain in the loading
well without any movement through the gel. The absence of any
other bands pertinent to free enzymes and single enzyme–PAA
conjugates in 5-S and 5-P under electrophoresis conrms
formation of MECs using PAA as a scaffold.
3.3 Zeta potential studies

The charge and the electrophoretic mobility of the conjugates
and native enzymes at pH 7.4 PB are established using zeta
potential measurements. When enzymes conjugate with PAA to
form either single enzyme–PAA conjugates or MECs, the net
negative charge on these samples increase relative to unmodi-
ed enzymes due to the presence of unreacted COOH in PAA.
The zeta potential of GOx and GOx–PAA, 5-P, and 5-S is deter-
mined to be �1.50 mV, �45.0, �33.5 and �35.0 mV, respec-
tively, Fig. 1B. Similarly, HRP, AP, Lip, and LDH show zeta
potentials of �2.00, �5.22, �14.0 and �20.0 mV, respectively,
Fig. S2 ESI.† As expected, the potentials decrease considerably
in enzyme–PAA conjugates. HRP–PAA, AP–PAA, Lip–PAA, and
LDH–PAA show zeta potentials of �46.5, �42.5, �44.0 and
�40.0 mV, respectively, Fig. S2 ESI.†
3.4 Transmission electron microscopy (TEM)

Morphologies of MECs, single enzyme–PAA and unmodied
native enzymes are analyzed using TEM. Samples 5-P, 5-S, and
GOx are imaged using Tecnai T20 TEM. Samples 5-P and 5-S
showed extensive crosslinked nanogels whereas GOx (C)
showed aggregated particles, Fig. 2(A–C). The free enzyme when
drop cast tend to aggregate and precipitate easily. The nano gel
morphology of GOx–PAA has been previously reported.8
3.5 Dynamic light scattering (DLS)

The hydrodynamic radii of MECs, enzyme–PAA, and native
enzymes are determined by DLS. All samples are diluted using
pH 7 PB such that the enzyme concentration in each DLS
experiment is maintained at 0.5 nM. The enzymes GOx, HRP,
AP, Lip, and LDH show hydrodynamic radii of 6.02, 1.84, 9.10,
1.49 and 3.44 nm, respectively. The hydrodynamic radius of
GOx–PAA, HRP–PAA, AP–PAA, Lip–PA and LDH–PAA are deter-
mined to be 22.3, 26.8, 32.6, 16.7 and 16.6 nm, respectively. The
MECs, 5-P and 5-S, show structures of 80–100 nm, possibly due
to the random nature of conjugation and incorporation of
different sized enzymes, Table S1 and Fig. S3 in ESI.†
3.6 Circular dichroism (CD) studies

The secondary structure of enzymes before and aer conjuga-
tion with PAA in pH 7.4 PB at room temperature is established
using far UV circular dichroism (CD) studies. Due to the phys-
ical strain imposed on the enzyme upon PAA chemical conju-
gation, enzyme–PAA conjugates are expected to present reduced
molar ellipticities compared to unmodied native enzymes.
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Transmission electron micrographs (A) 5-P, (B) 5-S and (C) GOx. Samples are diluted using pH 7.4 PB such that equivalent protein
concentration is 5–10 nM and stained using 0.5 wt% uranyl acetate and imaged.
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The CD spectra of GOx, GOx–PAA (A); LDH, LDH–PAA (B) and
5-P, 5-S (C) is shown in Fig. 3. The inset in panel A & B shows the
relative % ellipticity retention of enzyme–PAA and correspond-
ing unmodied enzyme. To calculate relative % ellipticity
retention, signal intensity of samples at 222 nm is used. The
signal intensity at that wavelength for unmodied enzyme is set
at 100% and accordingly the relative intensity of enzyme–PAA is
calculated. The CD spectra and relative % ellipticity retention of
AP, AP–PAA (A), HRP, HRP–PAA (B) and Lip, Lip–PAA (C) are
presented in Fig. S4, ESI.† To calculate the relative % ellipticity,
retention signal intensity at lowest position in CD spectra,
which is 222 nm for GOx, LDH, and AP and 208 nm for Lip and
HRP. Relative % ellipticity retention of the enzymes within the
single-enzyme PAA showed reduction in retention of secondary
structures compared to unmodied enzyme. GOx–PAA, LDH–

PAA, AP–PAA, HRP–PAA, and Lip–PAA show reduction in %
relative ellipticity retention of 89, 71, 68, 66, and 4%, respec-
tively, relative to the native enzymes' ellipticity of 100%.
3.7 Activity studies

Catalytic activities of SECs and MECs are carried out at room
temperature using enzyme specic substrates, assays and
experimental conditions. Enzymes including GOx, HRP, AP,
LDH, and Lip use glucose, o-methoxyphenol, 4-nitrophenyl
phosphate, NADH, and 4-nitrophenyl acetate, respectively, as
substrates to estimate catalytic features. Detailed catalytic
Fig. 3 Circular dichroism (CD) spectra of (A) GOx (red), GOx–PAA (blue
spectra are monitored from 190–250 nm in pH 7.4 PB at room tempe
retention, when peak at 222 nm for unmodified enzyme is set at 100%, a
Relative ellipticity retention for MECs, where there are five enzymes, could
overlapping signatures.

This journal is © The Royal Society of Chemistry 2017
assays are presented in the ESI.† Relative % specic activity of
each enzyme conjugate is calculated by xing the initial rate of
its corresponding unmodied enzyme as 100% at room
temperature.

3.7.1 Activity studies at room temperature. The 3D hierar-
chical structure of the enzyme or enzyme in conjugates deter-
mines its catalytic activities. The 3D structure retention of
enzymes within single enzyme–PAA conjugates is easily estab-
lished by far UV-CD experiments. However, the far UV-CD
prole for MECs is complicated due to overlapping signatures
of each enzyme and is difficult to deconvolute and decode %
structure retention of each enzyme. Therefore, catalytic activity
specic to each enzyme within MEC is used as an indirect
measurement of its structure retention at room temperature.
Fig. 4 shows the relative % specic activities for GOx (A) and AP
(B) and the same for HRP, LDH, and Lip is presented in Fig. S6
in ESI.† All % specic activities of GOx containing samples are
calculated based on the initial rate of GOx at room temperature
at pH 7.4, PB as 100%. For example, GOx–PAA, 5-P, and 5-S
showed activities of 80, 78, and 91%, respectively, relative to the
activities of native GOx at room temperature and pH 7.4
assigned as 100%. In another case, using AP based assays, AP
showed large increase in % specic activity, where AP–PAA, 5-P,
and 5-S showed activity of 626, 1940, and 970%, respectively,
based on initial rate of native AP at room temperature and pH
7.4 assigned as 100%.
), (B) LDH (red), LDH–PAA (blue) and (C) 5-P (green), 5-S (black). CD
rature (25 �C). The inset in panel (A & B) shows the relative ellipticity
gainst which the relative signal intensity of enzyme–PAA is compared.
not be computed as the CD spectrum cannot be deconvoluted due to
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Fig. 4 Percentage specific activities o GOx containing samples (A) and AP containing samples (B) are presented: 5-P and 5-S are shown in green
and black, respectively. GOx, GOx–PAA, AP and AP–PAA are shown in red, blue, red, and blue respectively. Catalytic activities are established at
25 �C in pH 7.4, 10 mM PB for GOx and AP containing samples. Relative specific activity on the Y axis is with respect to the initial rate of free
enzyme (GOx or AP) at 25 �C as 100%.

Table 2 Relative specific activity (%) of Lip, HRP, and LDH containing
samples at pH 7.4 in 10 mM PB (Lip and HRP) and pH 8 in 10 mM Tris
buffer (LDH), at 25 �C with activities of free (native, pristine or
unmodified) enzymes referenced at 100%

Samples % specic activity

Lip enzymatic assay
5-P 89
5-S 450
Lip–PAA 114

HRP enzymatic assay
5-P 49
5-S 54
HRP–PAA 60

LDH enzymatic assay
5-P 57
5-S 40
LDH–PAA 38
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Similar trends are obtained in the case of Lip, where Lip–
PAA, 5-P, and 5-S show activities of 114, 89, and 450%, respec-
tively, relative to the native enzyme at room temperature and pH
7.4 PB. This unprecedented increase in activity of AP and Lip
conjugates may be due to increase accessibility of the catalytic
active site to the substrate. In general, the synthetic approach to
stabilize AP and Lip with PAA, improved activities of AP in
conjugates by 18-fold and activities of Lip in conjugates by 4.5-
fold at room temperature relative to the native enzymes at room
temperature and pH 7.4 Tris. However, in contrast, HRP and
LDH present within single enzyme–PAA and MECs show
decrease in catalytic activities relative to the native enzymes at
room temperature and pH 7.4 PB and pH 8 Tris, respectively.
For HRP conjugates, HRP–PAA, 5-P, and 5-S show activities of
60, 49, and 54%, respectively, whereas LDH conjugates, LDH–

PAA, 5-P, and 5-S showed activities of 38, 57, and 40%, respec-
tively, assuming that the native enzymes show 100% activity at
room temperature and pH 8 Tris. The % specic activities of
Lip, HRP and LDH are shown in Fig. S6 in ESI† and Table 2.

3.7.2 Activity studies at 65 �C. The catalytic activities of 5-S,
5-P, and other samples are explored at 65 �C using similar
methods as described in Experimental sections. The single
enzyme conjugates, MECs and native enzymes are incubated in
a cuvette and the temperature is maintained at 65 �C, the
substrate specic to each enzyme assay is added to the cuvette
and the product formation is monitored. The percentage
specic activities for each enzyme at 65 �C and pH 7.4 PB is
presented relative to the percentage activity of native enzyme at
room temperature and pH 7.4 PB which is set as 100%. Fig. 5
shows the % specic activity plots for GOx and AP samples.
Plots for other enzymes including HRP, LDH and Lip are in
Fig. S7 in ESI† and Table 3.

Catalytic activity studies at 65 �C and pH 7.4 PB are estab-
lished for MECs and single enzyme conjugates. For example,
while 5-P, 5-S, and GOx–PAA showed 132, 112, and 136% activity
(Fig. 5A), native GOx exhibited complete deactivation. In each
case, the percentage specic activity of the conjugate at 65 �C is
relative to 100% activity for the corresponding native enzyme at
room temperature and pH 7.4 PB. Similarly, 5-P, 5-S, and AP–
29568 | RSC Adv., 2017, 7, 29563–29574
PAA present 103, 298, and 106% activity (Fig. 5B), whereas
unmodied AP is deactivated and unmodied AP presents
100% activity at room temperature and pH 7.4 PB. Biochemical
assays at 65 �C for Lip, HRP, and LDH show that 5-S present
enhanced catalytic activities compare to 5-P. These trends in
catalysis may be due to microenvironment in MECs produced
due to the synthetic strategy and may allow the substrate better
access to active sites in 5-S compared to 5-P leading to enhanced
activities in 5-S. Additionally, in 5-S, domains of similar
enzymes may not form easily due to the synthetic strategy.
However, cooperative effects from dissimilar enzymes may
further enhance overall activities in these MECs.

The effect of the polymer scaffolding and the microenvi-
ronment of the enzymes in 5-S, 5-P, enzyme–PAA on enzymatic
rate constants is evaluated using Lineweaver–Burk plots.
Kinetic constants including KM, Vmax, catalytic efficiency and
Kcat, are extracted and compared to the native enzymes. The
data are presented below.
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 High temperature (65 �C) activities in pH 7.4, 10 mM PB for GOx and AP containing samples, (A) and (B), respectively. % specific activity is
plotted on the Y axis, using the initial rate of free enzyme at 25 �C as 100% since free enzyme at 65 �C did not present any catalytic activity. 5-P, 5-
S are shown in green and black, respectively. GOx, GOx–PAA, AP and AP–PAA are shown in red, blue, red, and blue, respectively.

Table 3 Specific activities (%) of Lip, HRP, and LDH containing samples
at pH 7.4 in 10 mM PB (Lip, HRP) and pH 8 in 10 mM Tris buffer (LDH)/
Tris buffer at 65 �C relative to free enzyme activities set at 100% at
room temperature (25 �C)

Samples % specic activity (65 �C)

Lip enzymatic assay
5-P 0
5-S 540
Lip–PAA 78
Lip 0

HRP enzymatic assay
5-P 98
5-S 138
HRP–PAA 149
HRP 47

LDH enzymatic assay
5-P 0
5-S 77
LDH–PAA 146
LDH 0
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3.8 Kinetic studies

3.8.1 KM and Vmax. The enzymatic activities depend on the
rates of several steps in the catalytic cycle, and insights into
these steps is gained by determining the Michaelis constant
(KM) and the maximum initial velocity (Vmax). Using the initial
rates determined with increasing substrate concentrations,
Lineweaver–Burk plots (plot of inverse initial rate vs. inverse
substrate concentration) and Michaelis–Menten plots are con-
structed using the equation

1/V ¼ KM/Vmax[S] + 1/Vmax

where [S] is the substrate concentration, V is the initial reaction
rate, KM is the Michaelis constant, and Vmax is the maximum
initial velocity. Lower KM values indicate increased affinity of
the substrate for the enzyme active site. Another important
kinetic parameters include: (1) Kcat or the turnover number,
This journal is © The Royal Society of Chemistry 2017
which is the number of moles of substrate molecules converted
to the product molecules per unit time and (2) Kcat/KM, which is
the catalytic efficiency. The highest catalytic efficiency is the
most desired. Lineweaver–Burk plots37 of GOx and AP contain-
ing samples are shown in Fig. 6 and that of HRP, LDH and Lip
are provided in Fig. S8 in ESI.† All of these analyses are per-
formed at room temperature in pH 7.4 PB (HRP, Lip) and pH 8
Tris (LDH). The kinetic parameters of all the samples using 5
different enzymatic assays are tabulated in Table S2 in ESI.†
According to Fig. 6A and Table S1,† 5-P, 5-S, GOx–PAA, and GOx
show KM values of 5.93, 1.98, 0.844, and 5.17 mM, respectively,
and catalytic efficiencies of 0.050, 0.064, 0.096 and 0.103,
respectively. GOx show highest value of Kcat of 0.533 s�1 and
GOx–PAA show lowest value of Kcat of 0.081 s�1. Kinetic
parameters of GOx are computed based on cascade enzymatic
reaction of GOx and HRP (ESI,† Section 1.8). The parameters are
controlled by the enzyme(s) in the cascade system with lower
stability and shorter half-life. While these parameters are not
optimized, half-lives of the less stable enzyme may be improved
by adjusting the relative loadings of the enzyme. For example, if
GOx is assumed to have reduced half-life as compared to that of
HRP, it can be loaded in excess amount so that the bienzyme
GOx/HRP will have the desired activity for the desired length of
time.

Lineweaver–Burk plots for HRP containing samples at room
temperature and pH 7.4 PB are designed and KM values for 5-P,
5-S, HRP–PAA, and HRP are calculated to be 0.796, 0.330, 0.461,
and 0.107 mM, respectively (Fig. S8A and Table S2†). Reduced
catalytic efficiency for 5-P and 5-S are noted, 0.155 and 0.097,
respectively, whereas HRP–PAA and HRP showed similar cata-
lytic efficiency of 0.308 and 0.318, respectively. In the case of
Kcat, 5-P and HRP–PAA showed similar values of 0.123 and 0.142
s�1, respectively, while, 5-S and HRP presented values of value
of 0.032 and 0.034 s�1, respectively.

Kinetic parameters AP containing samples at room temper-
ature and pH 7.4 PB are established (Fig. 6 and Table S2†). KM

values of 5-P, 5-S, AP–PAA, and AP are, 12.9, 6.55, 43.0 and
21.9 mM, respectively. However, 5-P and 5-S showed highest Kcat

and catalytic efficiency values. For example, Kcat values of 5-P
and 5-S are 0.020 and 0.011 s�1, respectively, and catalytic
RSC Adv., 2017, 7, 29563–29574 | 29569
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Fig. 6 (A) Lineweaver–Burk plots of GOx (red), GOx–PAA (blue), 5-P (green) and 5-S (black) with increasing glucose (0.075–0.45 mM). (B)
Lineweaver–Burk plots of AP (red), AP–PAA (blue), 5-P (green), and 5-S (black) with increasing 4-nitrophenylphosphate (2.7–16.2 mM). All the
enzyme concentrations, native and within conjugates, are 1 micromolar. Studies are carried out in pH 7.4, 10 mM PB at 25 �C.
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efficiency values are 1.55 � 10�3 and 1.68 � 10�3, respectively.
Kcat value for AP–PAA is 0.020 s�1 and catalytic efficiency is 3.96
� 10�4. In agreement with room temperature catalytic activity
trends, AP shows the lowest Kcat and catalytic efficiency of 0.002
s�1 and 9.11 � 10�5, respectively.

Similarly, Lineweaver–Burk plots for LDH containing
enzymes are used to derive the kinetic parameters at room
temperature in pH 8 Tris (Fig. S8B and Table S2†). KM values for
5-P, 5-S, LDH–PAA, and LDH are, 0.196, 0.196, 0.073, and
0.198 mM, respectively and catalytic efficiencies are 0.036,
0.031, 0.096, and 0.364, respectively. Turn over number or Kcat

values for 5-P, 5-S, and LDH–PAA are similar and show values of
0.007, 0.006, and 0.007 s�1, respectively, whereas, LDH exhibits
highest Kcat of 0.072 s�1.

Lineweaver–Burk plots for Lip are shown in Fig. S8C and
Table S1.† Accordingly, KM values of 5-P, 5-S, Lip–PAA, and Lip
are 0.133, 0.070, 0.122, and 0.372mM, respectively, and catalytic
efficiencies are 0.007, 0.014, 0.016, and 0.013, respectively. 5-P,
5-S, and Lip–PAA exhibited similar Kcat values of 0.001, 0.001,
and 0.002, respectively, whereas Lip exhibited highest turnover
number (Kcat) of 0.005 s�1.
Fig. 7 Dose-dependent in vitro cytotoxicity of GOx containing
conjugates as a function of intracellular dehydrogenase (IDH) activity
of HEK-293T cells. The plot clearly indicates the lack of cytotoxicity at
low nanomolar level for 5-P (A) and picomolar level for GOx–PAA (B).
Other enzyme–PAAs showed no drop in intracellular metabolism even
at the highest administered dose of 1.2 mM. (C–E) shows morphology
of HEK-293T cells co-incubated with 240 nM of 5-P (C), 2.4 nM of
GOx–PAA (D), 1.2 mMof lipase–PAA (E), and control HEK-293T cells (F).
Scale bar: 10 mm.
3.9 Cellular toxicity of MECs and enzyme–PAAs in HEK-293T
cells

The in vitro compatibility of the enzyme–PAA conjugates with
HEK-293T cells up to 16 h of co-incubation period is monitored
by measuring the intracellular dehydrogenase activity, for 5-P
(Fig. 7A) and GOx–PAA (Fig. 7B), which is a reliable measure for
quantifying the intracellular metabolism in a mammalian cell
line.38,39 Optimal intracellular dehydrogenase concentration is
essential for efficient metabolism in the human cells. The
reduction in dehydrogenase concentration, which is a quanti-
tative measure of reduced intracellular metabolism, conrmed
the reduction in cellular activity and eventually, the cell death.
The cell viability is also examined by evaluating their extracel-
lular morphology using phase contrast microscopy, a universal
benchmark for assessing the overall physiological health of
a cell,40 for 5-P (Fig. 7C), GOx–PAA (Fig. 7D) and Lip–PAA
(Fig. 7E). It is evident that cells incubated with 1.2 mM Lip–PAA
29570 | RSC Adv., 2017, 7, 29563–29574
showed normal morphology (Fig. 7E), whereas cells incubated
with 5-P and GOx–PAA at low nanomolar and picomolar levels,
respectively, showed stressed cell morphology as seen in Fig. 7C
and D. Fig. S9 in ESI† shows the changes in intracellular
metabolism as the dose of Lip–PAA is varied from 0–1.2 mM.
Similar behavior is noted for AP–PAA, HRP–PAA and LDH–PAA
(data not shown).

Except for the conjugates that contained GOx, no other
conjugate showed any difference in intracellular metabolism or
extracellular morphology relative to control cells even at the
highest co-incubation dose (1.2 mM, Fig. 7D). Similar behavior is
This journal is © The Royal Society of Chemistry 2017
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observed for the conjugates containing GOx, such as 5-P, 5-S,
and GOx–PAA at low nanomolar dose (2–20 nM). In sum, the
toxicity results obtained by monitoring intracellular dehydro-
genase activity and light microscopy demonstrated that most
enzyme–polyacrylic acid conjugates are highly biocompatible.

4. Discussion

A general and modular strategy to synthesize novel, synthetic
multi-enzyme polymer chemical conjugates using different
enzymes and PAA as the polymer scaffold is presented here.
This strategy is developed based on the polymer's ability to
conjugate one or two enzymes and protect the enzymes from
stressors including temperature, aggregation and proteases as
shown in previous publication.8,30,32,44 The novelty of this work
arises due to the use of PAA scaffold, to conjugate multiple
enzymes of varying isoelectric points, pH proles, physical
properties and catalytic properties. We also wish to investigate
the temperature stability of MECs not only at room temperature
but also at 65 �C compared to unmodied native enzymes. The
catalytic properties presented by MECs cannot be realized from
a mixture of physical mixtures of multiple enzymes, which
aggregate and precipitate and lose all catalytic activity.

Two distinct synthetic strategies, the parallel and sequential
synthesis, are tested here. In parallel synthesis, in the rst step
enzyme–PAA conjugates are made via the classical covalently
crosslinking of lysine amino (NH2) groups from the enzyme
with carboxyl (–COOH) groups of PAA. In the second step, these
individual enzyme–PAA conjugates are mixed together and
further conjugated to form 5-P MEC. In the sequential one-step
one-pot synthesis, all 5 enzymes and PAA are mixed together,
without any visible precipitation, and crosslinked to form 5-S
MEC. More importantly, microenvironments of the enzymes in
5-P and 5-S are expected to be different. In 5-P inter-penetrating
domains of similar enzyme–PAA conjugates may be formed due
to the synthetic protocol, while in 5-S domains of similar
enzyme–PAA conjugates may not be easily attained as these are
pre-mixed before crosslinking. This difference in microenvi-
ronment of 5-P and 5-S will result in very different catalytic
behaviors, and this concept has never been examined before.
Furthermore, the single pot strategy to covalently immobilize
ve different enzymes within PAA can be easily extended to
thirteen or more enzymes of different pIs useful for cascade
reactions including sugar to energy applications.

Successful syntheses of 5-P, 5-S, and single enzyme–PAA
conjugates are conrmed using agarose gel electrophoresis,
TEM, DLS, and zeta potential studies. Agarose gel electropho-
resis studies are based on the size and charge of the samples.
The MECs carry more negative charge due to carboxyl groups
from PAA and they are larger in size compared to individual
enzymes (Fig. 1A). Increased negative charge should propel the
MECs towards positive electrode of the gel but the increased
size of theMECs can hamper its movement. As shown in Fig. 1A,
due to increase in size, the MECs were stuck in the well of the
agarose gel with some streaking (lane 6 and 7). Agarose gel of
the immobilized enzymes conjugated with PAA (MEC 1 and 2)
indicated that all the enzymes are covalently conjugated to the
This journal is © The Royal Society of Chemistry 2017
polymer and hardly any unreacted enzymes or single enzyme
conjugates are present in the gels. However, it is hard to esti-
mate the concentration of the enzymes in the MECs due to their
overlapping UV signatures. The concentration of the individual
enzyme in the MEC is calculated based on amount of enzyme
used in the synthesis protocol and quantitative crosslinking of
each enzyme is expected.

TEM micrographs clearly show nanogel morphologies of 5-P
and 5-S similar to reported single enzyme–PAA conjugates,
Fig. 2A and B, whereas the native enzyme, GOx for example,
showed discreet aggregated particles. Due to the polyvalence of
the PAA as well as the proteins, chemical crosslinking of these
units can result in conjugates of a distribution of sizes. The
distribution and the average size of the crosslinked conjugates
depends on the polymer concentration, protein concentration,
EDC concentration as well as the reaction time. For example,
when dilute solutions are used, smaller aggregates are expected
but when high concentrations are used these smaller aggregates
may undergo further cross linking and produce larger aggre-
gates. Here reaction conditions are carefully optimized to
obtain nanogels of 80–100 nm. In contrast GOx solution is drop
cast onto TEM grids. During the drying process and during
imaging, water is removed and GOx will form small aggregates
as noted from TEM.

Zeta potential data conrms increase in negative charge aer
chemical conjugation with PAA, and this trend is consistent
among all chemical conjugates (Fig. 1B and S1†). The average
hydrodynamic radius of the MECs is determined characterized
by DLS (Table S1, ESI†). Both 5-P and 5-S show increase in
hydrodynamic size compared to individual enzyme–PAA
conjugates as well as the free enzymes. These results are in
agreement with the mobility pattern of the conjugates observed
by agarose gel electrophoresis.

Retention of secondary structure of MECs is important for
biocatalytic activity, which is established using CD and
compared to CD spectra of free enzymes and enzyme–PAA
conjugates. The CD spectra of the conjugates are compared with
those of the unconjugated enzymes or native enzymes (Fig. 3
and also Fig. S2 and S4†). Except in the case of Lip–PAA, the
spectra are reasonably similar in intensity as well as peak
positions, but not identical. Thus, some structural changes do
occur upon conjugation with the polymer. Severe loss in
intensity in the case of Lip–PAA is likely due to aggregation but
the Lip–PAA conjugate is nearly as active as the free enzyme.
Thus, this loss in CD signal cannot be directly attributed to
complete loss in enzyme secondary structure.

The secondary structure of each enzyme within 5-P and 5-S
could not be compared with the single enzyme conjugates or
native enzymes due to difficulty in resolving and deconvoluting
the spectra of each enzyme in the MECs. The spectral shapes of
5-P and 5-S are comparable to the single enzyme–PAA conju-
gates, which may indicate at least partial retention of secondary
structure. In the absence of concrete structural retention data
from UV and CD studies, enzymatic activities of 5-P and 5-S are
investigated and compared with single enzyme–PAA conjugates
and free enzymes and is an indirect form of structural retention
investigation.
RSC Adv., 2017, 7, 29563–29574 | 29571
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The catalytic activity of one enzyme in the presence of other
enzymes within MECs and the effect of method of MEC
synthesis (parallel vs. sequential addition) have never been
explored before. The interpenetrating domains of a single
enzyme–PAA conjugates within the 5-P MEC and the domains in
5-S MEC where the enzymes are mixed together and then
conjugated (Scheme 1) could impact enzyme conformational
states. The polymer scaffold may also sequester or expel the
substrate and play an active role in the catalysis, as demon-
strated before.41

Catalytic activities are determined at room temperature at
pH 7.4 PB are established using ve different enzymatic assays
where each assay is designed to interrogate one of the ve
enzymes in the MECs. For example, with GOx based assays, 5-P
and 5-S show activities similar to GOx–PAA and GOx at room
temperature and pH 7.4 PB. In contrast, for HRP and LDH
based assays, �50% loss in activity is noticed for 5-P and 5-S
when compared to pristine enzymes at room temperature and
pH 7.4 PB. In another example, enzymatic assays for AP show
unprecedented increase in activity for 5-P, 5-S and AP–PAA
relative to native AP. However, enzymatic assays for Lip showed
moderate increase in catalytic activity for 5-S and Lip–PAA
relative to native Lip at room temperature and pH 7.4 PB. These
improvements in catalytic activities of AP and Lip conjugates
may be attributed to the exposure of the active sites to the
substrate.42,43 Contribution of volumetric changes to the cata-
lytic activity prole aer conjugation to polymer in single and
multi-enzyme fashion is minimal due to the excessive volume of
the buffer used during catalysis. The total volume of PAA and all
enzymes is small when compared to the volume of the buffer.

To test the robustness of these MECs, activity studies are
performed at 65 �C at pH 7.4 PB. MECs and enzyme–PAA
conjugates present improved stability and activity retention
compared to the native unmodied enzyme. For example, GOx
activity assay indicates more than 100% activity retention for 5-
P, 5-S and GOx–PAA at 65 �C at pH 7.4 PB compared to GOx
activity at room temperature and pH of 7.4 PB% since free
enzyme at 65 �C did not present any catalytic activity. Similar
observations are noted for AP and HRP activity assays where 5-P,
5-S, AP–PAA, and HRP–PAA 65 �C at pH 7.4 PB retain more than
100% of the activity relative to the activity of the unconjugated/
free enzyme at room temperature and pH 7.4 PB. Both native
enzymes AP and HRP present negligible activity at 65 �C. The
activity of 5-S in the case of AP and HRP activity assay increase to
300 and 200%, respectively, at 65 �C compared to native
enzymes at room temperature. Increase in these activities is
only observed for 5-S but not for 5-P. The domain formation in
the case of 5-P seems to be an impediment for augmentation of
activity at 65 �C. However, domain formation did not negatively
impact the activity of 5-P in the case of GOx, AP, or HRP based
catalytic assays.

In the case of LDH and Lip activity assays, 5-P did not show
any activity at 65 �C and pH 8 Tris and pH 7.4 PB, respectively.
However, 5-S in the case of LDH and Lip activity assay showed
77% and 540% of activity, which is signicantly better
compared than 5-P. The microenvironment in 5-S is different
from 5-P and could signicantly impact observed difference in
29572 | RSC Adv., 2017, 7, 29563–29574
catalytic activities for LDH and Lip based assays at 65 �C and pH
7.4 PB. Thus 5-S may be exploited for high temperature catalytic
applications as it is easier to synthesize, more robust and
catalytic more active at 65 �C compared to 5-P.

To further understand the activity enhancement at room
temperature and pH 7.4 PB (GOx, HRP, AP and Lip) and pH 8
Tris (LDH), enzyme kinetics are carried out and systematic
changes in KM, Vmax, Kcat, and catalytic efficiencies of 5-P, 5-S,
single enzyme–PAA conjugates and native unmodied enzymes
are obtained using Lineweaver–Burk plots. For example, in GOx
containing samples, KM values of GOx–PAA and 5-S are low
compared to KM values of unmodied GOx. In contrast, 5-P
shows slightly higher KM compared to GOx. Enzyme samples
with lower KM have higher affinity for the substrate. However,
lower KM values observed for some of the conjugates may partly
explain the retention or enhancement of activity at 65 �C
compared to native GOx, which loses its catalytic activity
completely at 65 �C. In another example, huge enhancement of
activity using AP activity assay for AP–PAA, 5-P, and 5-S can be
explained based on KM and catalytic efficiency. At room
temperature and pH 7.4 PB, AP–PAA and 5-S had 6 times higher
activity and 5-P had 20 times higher activity compared to AP.
These correlate well with the catalytic efficiencies of these
samples. Also, 5-S and 5-P show higher substrate affinity as their
KM values are lower than that of AP at room temperature. These
nanogel type enzyme conjugates may pre-concentrate the
substrate around the enzyme, which directly enhances
substrate affinity and reaction rate.28

Reduction in activity of LDH and HRP containing samples
aer polymer conjugation and formation of MECs can be
explained via changes in KM and catalytic efficiency. Catalytic
efficiency decreases in the case of HRP–PAA, 5-P, and 5-S to
0.308, 0.155, and 0.097 from 0.318 of HRP, which directly relates
to the reduction in activity of HRP (100%) to (45–60%) for HRP–
PAA, 5-P, and 5-S. A similar trend is noted in the case of LDH
containing enzyme conjugates. Catalytic efficiency decreases
from 0.364 in LDH to 0.03–0.09 in the case of LDH–PAA, 5-P,
and 5-S. Similarly, activity retention of LDH–PAA, 5-P, and 5-S is
reduced by 40–60% when compared to LDH.

Lip containing samples showed an increase in catalytic
efficiencies aer polymer conjugation, for example, Lip–PAA
and 5-S while 5-P showed a decrease. Catalytic efficiency of Lip
(0.013) is increased for Lip–PAA (0.016) and 5-S (0.014), indi-
cating 114% and 450% increase in activity of Lip–PAA and 5-S,
respectively. Structure of the lipase active site and its confor-
mation are known to regulate its activity.31 If the enzyme is
trapped in its active state during the conjugation, then it is
likely that the conjugate will be more active and vice versa.
Similarly, the decrease in activity of 5-P (89%) is related to its
decrease in catalytic efficiency (0.007) where the enzyme is
locked into a less active conrmation.31

There are several examples of multi-enzyme systems that are
physically adsorbed or physically encapsulated within
a support, which showed enhancement or retention in catalytic
activity in cascade or non-cascade catalysis.47–54 While, recycla-
bility of these physically encapsulated system has been opti-
mized and these enzymes can last a few cycles, their catalytic
This journal is © The Royal Society of Chemistry 2017
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performance at higher temperatures has not been investigated.
Catalytic activity is typically enhanced at higher temperatures
and strategies to stabilize multiple enzymes at different
temperatures are benecial. In sharp contrast, 5-S and 5-P show
signicant activity retention or even catalytic activity enhance-
ment in non-cascade or orthogonal biocatalysis at room
temperature and at 65 �C compared to native enzymes at room
temperature and pH 7.4 PB. Our previous work has shown that
chemical connement of the single enzyme and bi-enzymes by
PAA will reduce the overall conformational entropy of the
system and results in structure retention while improving
thermal stability and catalytic performance at higher tempera-
tures.8 But However, optimization of crosslink densities,
molecular weight of PAA, and concentration of enzymes need to
be investigated to recycle these enzyme conjugates. Here recy-
clability studies of MECs are not evaluated but methods to
optimize recyclability of these MECs will be investigated in the
near future.

To extend the use of these MECs for implantable bioreactor
applications in animals, bio-toxicities are tested. The toxicity of
enzyme–polyacrylic acid conjugates on HEK-293T cells is eval-
uated for four to forty-eight hours by quantifying the intracel-
lular dehydrogenase activity and monitoring the cell
morphology using phase-contrast optical microscopy. The
results show no toxic effects of enzyme–PAA conjugates in HEK-
293T cells up to 1.2 mM dose except for GOx containing samples
like GOx–PAA, 5-P, and 5-S, which show toxicity at low nano-
molar levels and MECs (5-P and 5-S) which showed toxicity at
low picomolar levels. The toxicity of GOx containing samples
can be attributed to the glucose oxidase mediated conversion of
D-glucose (4.5 g L�1) present in the cell culture media into H2O2

and D-glucose-1,5-lactone which gets further hydrolyzed to D-
gluconic acid. The catalytic generation of H2O2 and gluconic
acid signicantly lowers the pH of cell culture media from its
normal physiological range (pH 7.4–7.6, blood red) to the acidic
range (pH 6.0–6.8, yellow) resulting in metabolic acidosis in
HEK-293 cells. Due to the excellent stability of enzyme–PAA
conjugates, the GOx containing PAA-conjugates and MECs are
able to completely overwhelm the intrinsic bicarbonate buffer
system present in the cell culture media. This, in turn, resulted
in an acidic environment adversely affecting the cell
survivability.

To our knowledge, this is the rst study that reports the
biocompatibility of enzyme–PAA and MECs in a well-
established human cell line for 48 hours. Our results strongly
indicate that not only these complexes are highly stable in the
complex biological growth medium, but also they are non-toxic.
These conjugates, therefore, may be considered for implantable
devices.

5. Conclusions

This is the rst report in which 5 enzymes with different pI
values and catalytic properties are stabilized using functional
polymer to form multi-catalytic enzyme complexes (MECs)
using two distinct strategies. This is a general and modular
strategy that can be extended tomany enzymes asmost enzymes
This journal is © The Royal Society of Chemistry 2017
contain amino groups that can covalently conjugate with
hydrophilic PAA, which serves as a universal scaffold. In the
parallel synthesis protocol (5-P), individual enzyme–PAA
complexes are synthesized rst and these were further cross-
linked by EDC chemistry. In sequential method of synthesis (5-
S), all 5 enzymes are mixed with PAA and then crosslinked using
EDC. In 5-S, the enzyme structures are locked-in by the polymer
shroud before exposing to other enzyme–polymer conjugates
while in 5-P, each enzyme has the potential to interact with
other enzymes as well as PAA during the conjugation. Thus, in
5-P microdomains of each-enzyme polymer networks are
formed which are interpenetrated during the second step. In 5-
S, these microdomains are less likely to form, unless certain
enzymes aggregate individually or in the presence of specic
partners, aggregation/precipitation is absent, and hence,
enzymes in 5-S may be more homogeneously dispersed. These
MECs are used for room and high temperature catalysis. Room
temperature activity studies showed that MEC formation
enhanced the AP and Lip activities of 5-P and 5-S by 5–20 folds
when compared to the activities of corresponding unmodied
enzymes. In contrast, MEC formation had no effect on GOx
activity of 5-P and 5-S. At high temperature, all unmodied
enzymes nearly lost all their activities, except HRP. In contrast,
5-P and 5-S showed 1 to 3 fold increase in activity for AP, GOx
and HRP, whereas LDH and Lip showed peculiar behavior
where 5-P completely lost activity and 5-S retained 70% in the
case of LDH and 540% activity in the case of Lip. In principle,
the enzymatic activities are tunable by controlling the affinity of
the substrates to the polymer scaffolding surrounding the
enzymes, which can promote substrate binding by increasing
the local concentrations of the substrates near the enzyme. In
the case of cellulosome, the cellulose-binding domain enhances
the catalytic activities by increasing the affinity of the multi-
catalytic complex with cellulose. Our studies are only prelimi-
nary in this context, but they point to possibilities for tuning the
enzymatic activities by controlling the synthesis method and
composition of the MECs in a rational manner. The general
method of making robust, active, articial multi-catalytic
complexes of multiple enzymes of different pI values opens
up new avenues for high temperature catalysis and low-toxicity
biocatalysts for implantable biofuel cells.
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