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Abstract: Dynamic constitutional materials are constructed from reversibly connecting components adaptively self-
assembling under the pressure of internal or external factors. Functional macro-monomeric poly(ethyleneglycol) segments
and 3D connecting cores can be used to conceive biomimetic dynamic constitutional frameworks (DCFs) for selec-
tive/adaptive biomolecular encapsulation of proteins, enzymes, etc. Gold nanoparticles (AuNps) can be involved as core
connectors to expand the networks of DCFs at the nano-scale, thereby increase the biomolecular encapsulation and activity.
Efficient encapsulation of bovine carbonic anhydrase (bCA) in host matrixes is of tremendous importance for maintaining
its stability, catalytic activity and the durability. In this paper we demonstrate that AuNps-DCFs-bCA bioconjugates, synthe-
sized via reversible imine/amino-carbonyl as sulfide-AuNps chemistries, assemble into nanometric aggregates of around
200 nm with high stability for bCA encapsulation. This system showed an impressive improved catalytic activity, more than
30 times higher than bCA alone. The Km values were two to three times lower compared to free bCA indicating a stronger
affinity for bCA under encapsulation, while Vmax was higher. This performance is very promising for current state-of-the-art
carbon dioxide capture systems with equivalent amounts of enzyme, even after heating for a prolonged period at 100°C,

translating into a direct perspective for enhancing flue gas capture and conversion performances.

INTRODUCTION

Spontaneous reversible fabrication of Dynamic Constitu-
tional Materials incorporating biomolecular components is
an efficient and robust method to self-assemble individual
components into functional objects with higher complexity
and multiple responsiveness '°. The programed self-
assembled can be achieved by using polymers and nano-
particles with appropriate size and length that generate
adaptive connections between components within materi-
als with increased performances in a wide range of appli-
cations *. Polymers can control the connections within
such structures offering functionality. The reversibility of
interactions is an essential factor and can be particularly
achieved at supramolecular and covalent levels by using
Constitutional Dynamic Chemistry (CDC) principles’. The
Dynamic Constitutional Frameworks (DCFs) involving
reversible covalent connections between components may
enable multivalent interactions within the materials ® and
synergistically modulate its overall self-organization when
interacting with biological targets "®. Meanwhile, nanopar-
ticles can introduce magnetic, conductive, light modulating
behaviors or thermal stability to the assemblies °.

Among the nanoparticles, gold nanoparticles (AuNps) have
attracted substantial interest due to their easy synthesis
and functionalization, chemical stability, biocompatibility
and tunable optoelectronic properties (absorption, fluo-
rescence, conductivity)™. Although there are many exam-

ples of self-assembled AuNps using covalent bonds ** and
reversible supramolecular interactions %, as far as we
know, there are no examples of AuNps connected via Dy-
namic Constitutional Frameworks (DCFs) that can interact
with biomolecules and that could bring new functions for
the nanostructured assemblies ****°.

Natural enzymes present inherent drawbacks such as easy
inactivation, moderate stability outside cell environment,
thus their immobilization within protecting matrixes can
adjust their activity and stability ***". A solution to achieve
effective catalytic performance for enzymes is the devel-
opment of nanohybrid biocatalysts which involve the com-
bination of nanoparticles and biomolecules (DNA, en-
zymes) 18, The incorporation of platinum nanoparticles
with aminopeptidase 1 or uricase?? has been found to
preserve a high level of catalytic activity. This highlights
the immense potential of artificial metalloenzymes across
a range of applications. Carbonic anhydrases (CAs), in
particular, are widely spread metalloenzymes in all life
kingdoms, being implicated in crucial physiologic process-
es, as they catalyze a simple but fundamental reaction, the
reversible hydration of carbon dioxide to bicarbonate and
protons *. A wide range of materials were explored for CA
immobilization including chitosan, hydrogels, metallic
nanoparticles, etc. 2. Colloidal bovine bCA- or human hCA-
AuNps % assembled to amine/thiol functionalized SBA-15
support maintain the enzymatic activity *.



In our previous work, a straightforward approach for CA
encapsulation based on the direct addition into an aqueous
solution containing the CA enzyme of interactive
poly(ethyleneglycol) PEGylated DCFs linked with reversible
imine bonds and equipped with H-bonding motifs, showing
not only enzyme protection effect, but also important activa-
tion effects towards CA activity in aqueous solution %. Our
strategy excludes enzyme chemical modifications, for-
mation of covalent attachment points, or adsorption on
non-specific sites, as compared to classic immobilization
techniques. The in situ reversible generation of DCFs adap-
tively encapsulate CA through H-bonding and imine-bond
formation on the enzyme surface. It is generating a “protective
encapsulating” layer around the enzyme, leading to stabilized
tertiary protein structures in solution and prowdlng prOX|maI
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multivalent proton acceptor groups in the close proximity of
the enzyme surface, assisting the proton shuttling during the
catalytic cycle.

Herein, we anticipated that gold nanoparticles (AuNps) can
be used as constitutive “bricks”, to extend the assembly of
Carbonic Anhydrase / Dynamic combinatorial frameworks
(DCFs) located at the nanoscale. This combination offers
an interesting platform toward materials for environmen-
tal applications exploiting the advantage of the dynamic
enzyme encapsulation at the nanoscale offered by reticular
space between self-assembled AuNps filled with functional
compartmentalized DCFs, embedding activated Carbonic
Anhydrase enzyme (Figure 1).
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Figure 1. Schematic representation of the design fabrication strategies used to encapsulate bCA in AuNps-DCFs conjugates.

RESULTS

Design, synthesis and characterization of Citrate-, HS-
PEGz000- NHz, DCF-SH- and DCF-PEG- stabilized AuNps:
Gold nanoparticles were synthesized thoroughly the re-
duction of HAuCls by citrate where the latest plays a dou-
ble role as reducer and stabilizer (Figure S1) % The DCF-
SH frameworks were obtained via reversible ami-
no/carbonyl-imine chemistry by reacting benzene-1,3,5-
tricarbaldehyde and amino-terminated-
poly(ethyleneglycol) NH2-PEG1s00-NHz and  thiol-
poly(ethylene-glycol)amino-terminated =~ HS-PEGz2o000-NHz
macromonomers (Figure S2). These macromonomers are
highly water soluble and serve as biocompatible chaper-

ones for refolding and limiting aggregation of bovine car-
bonic anhydrase (bCA) 27. DCF-SH was then used to enable
the exchange with citrate on the surface of AuNps %. The
NMR spectra confirm the formation of dynameric mixtures,
as observed from analysis of multiple peaks ~8 ppm, rep-
resenting the aromatic and imines protons (Figure S7, S8).
These can confirm the cross-linking between core centers
and amine compounds through imine formation reaction.
DOSY spectra previously indicated the approximate aver-
age molecular weights of dynamers were 40000 g/mol?>
The interactions of DCF-SH on AuNps surface and their
reconstruction in presence of particles through the “graft-
ing to” approach created stable and soluble AuNps-DCFs
conjugates. In parallel, we developed a “grafting from”



approach based on the PEGylation of AuNps that results in
the formation of NH2-PEGz000-SHAUNps, presenting amino
groups on the surface that can react with free aldehyde
DCFs constructed from benzene-1,3,5-tricarbaldehyde and
H2N-PEGis00-NHz. Finally, bCA was encapsulated within the
AuNps-DCFs conjugates (Figure 1): bCA was added with
AuNps then mixed with DCF-SH (strategy A), or added with
DCF-SH then mixed with AuNps (strategy B), mixed direct-
ly with DCFs network and then with NH2-PEGz000-SH-
AuNps (strategy C1), or mixed first with NH2-PEGzoo0-
SHAuNps and then with DCF-PEG (strategy C2). The
AuNps-DCFs conjugates were qualitatively analyzed in
aqueous solution and solid state: size, morphology, and
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surface plasmon resonance band. The catalytic activity of
DCFs, AuNps-DCFs conjugates and free or encapsulated
bCA were evaluated by using the model hydrolysis reac-
tion of p-nitrophenyl acetate (p-NPA), following the for-
mation of the p-nitrophenol (p-NP) product by UV-vis
spectroscopy (Figure $12) %,

The “grafting to” self-assembly approach of citrate-
stabilized gold nanoparticles of 22.1 + 0.2 nm diameter
with thiol decorated DCF-SH is highly dependent of the
used amount of DCFs. The charge surface of AuNps, the pH,
and ligand is modulating the interaction with aqueous
DCFs solution.

c)

o 400 0.5
Bl AuNps BB 1/5 B3 1/8 --- AuNps— 15 — 1/8 — 1/10
= 1/10 =3 1/12 == 1/15 112 — 1/15— 1/18 — 1/20
€ = 118 3 1/20 J— V25 — 1/30
£ 3004 B 125 £ 1/30 =
Irreversible 2 3
aggregation £ g
5 200 _‘E
[>1/5] % 2
[%2]
DCF-SH 5 2
= 1004 <
98 N
o~y o sH

400 500 600 700 800
AuNps/DCFs molar ratio Wavelength (nm)
150 300 0.8
255.8 — 0.05mM— 0.1mM

- - 2455 2386 — 0.2mM 0.3mM

c 1122 e " — AuNps

= £ 2125 ~ 0.6

— — =}

@ 100 @ 200+ <

3] o >

£ £ 8

kS K < 0.4 --- 1/10--- 1/15

S S I

o o 2 .-+ 1/20--- 1/25

g g 2

S 507 & 1007 _2: =.....-""f“\\

3 3 0.2 TN

N N Sl

0- 0- 0.0 T T T
Au0.21mM 0.05 0.1 0.2 0.3 1/10 1/15 1/20 1/25 400 500 600 700 800

[HS-PEG2000-NH2]; (MM)

PEGAU/DCF molar ratio

Wavelength (nm)

Figure 2. a) Schematic representation of the citrate exchange reactions with DCF-SH on the surface of AuNps leading to stable
assemblies starting from 1/5 AuNps/DCFs molar ratio. b) Z-average diameter, measured by DLS, at different AuNps to DCFs molar
ratios. ¢) Surface plasmon resonance band detected around 520 nm for 0.21 mM AuNps in presence of DCF-SH (n=3; mean # SD).
d) Z-average diameter measured by DLS of PEG-AuNps in presence of increasing amount of HS-PEGzo00-NH2. ) NH2-PEGz000-
SHAuNps in presence of increasing amounts of DCF-PEG. f) Surface plasmon resonance band characteristic of gold nanoparticles

for the samples d, e.

Free thiol groups of DCF-SH successfully displace the cit-
rate and stabilized the particles in the suspension, due to
the affinity of thiol molecules to gold surfaces (Figure 2a)
. Less gold cores-meaning smaller size- were implicated
in the assembly of conjugates when the amount of DCFs
increased because of more attachment of SH groups.

Moreover, an increased hydrodynamic diameter confirmed
the attachment of the DCF-SH on the surface of AuNps %.

At low AuNps/DCF-SH molar ratios large sized conjugates
of 277.9 nm diameter and a high polydispersity index PdI >
0.5 were formed most probably due to weak crosslinking
on the Au surface %. The addition of increasing amounts of



DCF-SH leads to a decrease of the size of conjugates and of
their polydispersity in water (PdI<0.5). For instance, at
1/10 AuNps/DCF-SH molar ratio the z-average diameter
was 153.9 * 1.24 nm and significantly decreased to 81 *
3.44 nm at the highest ratio of 1/30 (Figure 2b). The SH
groups are important to assemble gold cores as shown by
the slight increase of the size with free SH, DCF-PEG (BTA :
PEG at 1:1.5 molar ratio) (Figure $4,S5), mainly due to
limited interactions on the surface of particles. A sharp and
well-defined SPR band was detected for AuNps at 520 nm
(Figure 2c), which is characteristic of AuNps of 10 to 100
nm diameter *. This band was as well detected for all
AuNps-DCFs conjugates around 520 nm, with a slight dif-
ference of shape and intensity. The peak width was in-
creased in presence of small amount of DCF-SH, then de-
creased and simultaneously become similar to citrate-
stabilized AuNps for higher amounts of DCF-SH, indicating
a decrease of polydispersity in presence of adequate
amounts of the polymer. While comparing the SPR peak of
all AuNps-DCFs conjugates to citrate-AuNps, a small red-
shift (< 6 nm) was observed due to the formation of dielec-
tric layers of alkanethiol on the surface *'. However, while
comparing this peak between conjugates of increased DCFs
amounts, blueshifts were noticed thus the particle size
decreased proportionally with the amount of DCFs *.

Next the functionalization of AuNps with HS-PEGz2000-NHz
was performed by exchanging the citrate on the gold sur-
face in solution at pH=3 (Figure S3). The size of AuNps
(23.6 nm) is significantly increasing to 112.2 nm (0.05
mM), then it is decreasing to 94.6 nm (0.1 mM) and 80 nm
(0.2 - 0.3 mM) in presence of HS-PEGzo00-NH2 (Figure 2d).
This observation confirms that PEGylation reaction is sta-
bilized beyond a critical concentration. In presence of low
amount of HS-PEGaz000-NHz, the PEG tends to interact with
nearby particles via strong SH Au!-SH covalent bond and
form high aggregates *. Higher amounts of HS-PEGzo00-
NHz, increased the Au-SH bonds while limiting the Au/PEG
weak adsorption resulting in the formation of smaller
soluble particles. The same behaviors were also observed
in a study on methoxy-PEG-thiols of different molecular
weights as the particles were stabilized by a capping layer
of PEG beyond a crucial stability concentration (CSC) *. A
characteristic redshift of approximately 2 nm of the initial
SPR band of AuNps at 520 nm, was detected after HS-
PEG2000-NHz addition proving a successful functionalization
while maintaining the particles in the suspension (Figure
2f). The usage of PEG with a 2000M spacer in this particu-
lar step ensured a balance between achieving a high cap-
ping density and providing stability to the AuNps.

Then, the “grafting from” approach, was used to connect
DCF-PEG with NH2-PEGz2000-SHAuNps. DLS analysis demon-
strated a significant increase by two and three times of the
diameter of resulted AuNps-DCFs from 112.2 nm to 255.8
nm (molar ratiol/10), and from 80.5 nm to 212.5 nm (mo-
lar ratio 1/25) (Figure 2e, Figure S6). The SPR band of
AuNps-DCFs conjugates was subjected to redshifts com-
pared to citrate-AuNps and NHz-PEG2000-SHAuNps (Figure
4f). The maximum wavelength was shifted to 530 nm for
small ratios 1/10 and 1/15, then it was restored to 520 nm

at 1/20 and 1/25 ratios. Besides, the shape of the band
was significantly changed as we observed an enlarged
width with a lower intensity. FTIR spectra confirm the
successful formation of DCf and their connection to Au Nps
-see supporting information (Figure S9). This demon-
strates the interactions of DCFs with the surface of AuNps,
modifying the local dielectric environment and electric
charge induced the formation of extended conjugates.

Transmission Electronic Microscopy -TEM analysis of
AuNps and AuNps-DCFs conjugates: TEM was used to
observe the size along with shape and the aggregation
behaviors of synthesized AuNps before and after addition
of HS-PEGz000-NH2 or DCFs *. Citrate-AuNps show spheri-
cal morphology and good dispersion with a mean diameter
of 12 nm as calculated from TEM (Figure 3a, c). A de-
crease of sizes of dried samples prepared from diluted
solutions on carbon grids for TEM experiments was no-
ticed compared to DLS measurement showing the hydro-
dynamic diameter. Further functionalization of AuNps
showed that surface modification HS-PEG2000-NH2 ligand
lead to a homogeneous self-assembly of spherical particles
of a mean diameter 13.4 nm (Figure 3b,d). As seen in
these micrographs, functionalized particles were linked
together and the number of particles (frequency) in a spe-
cific area increased with higher amounts of HS-PEGzoo0-
NH:. The PEG layer provided a steric stability on the sur-
face that result in the formation of uniform films. TEM
micrograph of AuNps assembled in presence of 0.21mM
DCF-SH following the strategies A, B showed the formation
of high aggregates where spherical particles are fused and
inter-connected (Figure 3e). Figure 3f shows TEM images
of NH2-PEGz000-SHAuNps combined to DCF-PEG, following
the strategy C, where spherical particles were dispersed
into aggregates, which individual particles fused together.
Similar formation of regular aggregates was previously
observed with the successful dispersion of AuNps in poly-
styrene (PS) and poly(dimethylsiloxane) (PDMS) polymer-
ic matrices ™.

Binding DCFs and AuNps-DCFs conjugates to bCA: The
intrinsic fluorescence of bCA, mostly due to its tryptophan
residues, is highly sensitive to modifications of the sur-
rounding environment, which make the fluorescence emis-
sion spectra suitable for its binding or conformational
changes studies *’. So we have used, fluorescence spectros-
copy to provide relevant information and the binding or
association constant (Ka) of bCA to citrate-AuNps, DCFs
and AuNps-DCFs conjugates. Here, the fluorescence spec-
tra of the bCA aqueous solutions, recorded between 250
and 500 nm, upon excitation at 280 nm, covering the emis-
sion band of tryptophan at 350 nm * and exhibiting a
strong intrinsic fluorescence band centered at 347 nm. A
strong fluorescence quenching effect and a small blueshift
(7 nm), related to the polarity changes around tryptophan,
were observed in presence of increasing concentration of
AuNps (Figure S10). The binding constant between AuNps
and bCA determined by using the Stern-Volmer relation, is
14680 M-! validating strong interactions of bCA on AuNps
surface. Bovine serum albumin, is showing a same binding
behavior in presence of citrate-AuNps, emphasizing the



importance of the electric charge of the metal surface and
the inert nature of sodium citrate *. Interestingly, the
shape of emission spectra of bCA was maintained, confirm-
ing that bCA remains in its native configuration with negli-
gible conformational changes upon the addition of AuNps
A similar quenching effect was noticed in presence of
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proportional DCF-SH concentrations (Figure S$10). Most
probably DCF-SH binds via transamination with amino
groups, disulfide S-S bond formation and poly(ethylene

glycol)/bCA non-covalent interactions at the bCA surface
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showing an association constant Ka of 2578M-1.
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Figure 3. Representative TEM images and nanoparticle size distribution illustrating a, c) citrate-stabilized AuNps, b, d) NH:-
PEG2000-SHAuNps, e) AuNps-DCFSH conjugates -strategies A,B and f) NH2-PEGzo00-SHAuNps combined to DCF-PEG conjugates -

strategy C.
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The fluorescence experiments were conducted combining
also variable concentrations of DCFs and constant concen-
trations of AuNps and bCA. We observed that the fluores-
cence spectra strongly differ following used strategy, relat-
ing to the initial contact of the components with bCA. Start-
ing with the strategy A, initially getting bCA in contact with
AuNps, we noticed a drastic change of the emission band
showing an enlarged width and redshifts of the wavelength
with increasing concentrations of DCF-SH, so we were
unable to determine the biding constant (Figure S11).
Differently, by using the strategy B when bCA is initially
contacted with DCFs - we observed a firm quenching ef-
fect, similar to the binding of DCFs or AuNps respectively
(Figure S10). We determined a binding constant Ka. equal
to 1170 M1 while the bCA structure is maintained intact
within the hybrid assembly. The lower binding K. com-
pared to free DCFs to bCA is explained by a synergetic
interactions of DCFs with AuNps. The mechanism of bind-
ing could be described as follow: DCFs encapsulated bCA
most probably via imine bond with CA surface amines and
PEG interactions on the surface, then AuNps are able to
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interact with remaining SH groups of DCFs as well as some
binding sites for bCA which are strongly reduced. On the
other hand, in strategy A the addition of DCFs created a
competitive environment for bCA strongly interacting on
the surface of AuNps. Furthermore, bCA was efficiently
bounded to the pre-formed PEGAuNps-DCFs conjugates
(strategy C1) and displayed a higher Ka than the previous
strategies of 1619 M-L The high density of PEG on the sur-
face of AuNps and the larger size of these conjugates ex-
plains this significant binding affinity.Catalytic activity of
bCA, DCFs and AuNps-DCFs conjugates: After demon-
strating the ability of bCA to bind to AuNps, DCFs and
AuNps-DCF conjugates, our next interest was to determine the
catalytic activity all along the formulations used without and
with immobilized bCA. The esterase activity through the
hydrolysis reaction of p-NPA is directly related to CO:
hydration reaction catalyzed by both bCA and AuNps-DCFs
systems. The absorbance at A=400 nm was monitored to
estimate the catalytic activity relative to the reference
activity of free bCA in solution at different concentrations

of components (Figure S13).
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Figure 4. Hydrolysis of p-NPA, monitored by Growth number calculated the rate of increase of the activity relative to the
free bCA with the addition of a) DCF-SH, b) AuNps-DCF-SH, c) DCF-SH-bCA d) AuNps-DCFSH-bCA, e) DCF-PEG, f) NHa-



PEG2000-SHAuNps-DCF-PEG, g) DCF-PEG-bCA and h) NH2-PEG2000-SHAuNps-DCF-PEG-Bca, i) Possible interactional mecha-
nisms of bCA within AuNps-DCFs conjugates assembled through strategies A, B, and C.

Interestingly, the DCF-PEG and DCF-SH frameworks pre-
sent an increasing activity proportionally to the amount of
added DCFs (Figure S14, S15). We defined a growth num-
ber that calculate the rate of increase of the catalytic activi-
ty relative to the rate of free bCA. This activation is more
pronounced in presence of DCF-SH (Figure 4a) than DCF-
PEG (Figure 4e). This emphasize the importance of
stronger nucleophilic SH groups present in HS-PEGz2000-NHz
when compared with amino groups of H2N-PEGzo000-NH2
that strongly contributing as to an enhanced catalytic ac-
tivity on the hydrolysis of p-NPA. The increase of catalytic
activities are maintained when DCF-SH (Figure 4b) and
DCF-PEG (Figure 4f) are interacting with AuNps, reminis-
cent with optimal availability of the catalytic -SH and NHz
groups despite the presence of AuNps. The addition of
constant amount of bCA to increasing ratios of DCF-SH and
DCF-PEG induce substantial up to 50% increase in the
catalytic activity of DCFs-bCA bioconjugates at high DCFs
ratios (Figure 4c,g). Interestingly, at low concentration
between 0.525 and 1.575 mM DCFs, we note that observed
increased activity is coming from bCA alone as DCFs them-
selves do not present any activity. Most probably, this is
the results of complex cooperative effects relied to the
formation of imine or disulfide bonds assisted by PEG non-
covalent self-assembly on the surface of the bCA, that are

role of shuttling out the protons from the zinc-active site,
as previously observed “*!. The DCFs could be advanta-
geous for the immobilization support where bCA activity is
maintained and supplemented by the intrinsic catalysis
effect of the support.

Next, the catalytic activity of bCA was monitored in AuNps-
DCFs-bCA bioconjugates prepared via strategies A-C. For
the strategies A and B (Figure 4d) where bCA is in contact
initially with AuNps or with DCF-SH (Figure 4c), respec-
tively, the catalytic activity is decreasing when compared
with the activity observed with DCF-SH-bCA bioconjugates
in the absence of AuNps. Most probably the formation of
low compact aggregates between AuNps and DCF-SH ob-
served in solution by DLS (Figure 2b) are responsible for
the lower growth numbers observed for such systems
where the bCA is most probably less immobilized in the
bioconjugates. At low ratios of AuNps/DCFs the growth
numbers are lower upon strategy A where bCA is in con-
tact initially with AuNps than that observed with strategy
B where bCA is in contact initially with DCF-SH. Then, NH;-
PEGz000-SHAuNps were used to immobilize bCA in pres-
ence of DCF-PEG (strategy C). Here, two ways were adopt-
ed: bCA was added directly with the pre-made NH:-
PEG2000-SHAuNps-DCFs conjugates (strategy C1) or bCA
was added with NH2-PEGz2000-SHAuNps nanoparticles then

able to reduce the mobility of the enzyme under such con- mixed with DCF-PEG (strategy C2).
fined conditions in the solution and concomitantly play the
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Figure 5. Kinetic hydrolysis experiments at 25°C (line) after incubation for 5h at 100°C(dot line) at different concentrations of a)
DCF-SH-bCA and AuNps-DCFs-bCA assembled via Strategies b) A and c) B.

Table 1. Kinetic parameters of bCA, Km and Vmax determined from Michaelis-Menten model for DCF-PEG and DCF-SH.

K A - K
DCF-PEG (mM) N " DCF-SH N Vinax
(mM) (mM/min) (mM) (mM) (mM/min)
0.84 17.0 0.49 0.84 12.8 0.55
1.05 14.5 0.55 1.05 7.5 0.63
Strategy A Strategy B
AuNps/DCFs molar
ra tlo Km Vmax Km Vmax .
(mM) (mM/min) (mM) (mM/min)
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1/18 ‘ 14.33 0.84

‘ 6.8 1.08

In both cases the growth numbers significantly increase
and are proportional to the concentration of DCF-PEG on
AuNps surface (Figure 4h, $16), when comparing to DCF-
PEG (Figure 4e) and NH2-PEGz000-SHAuNps DCF-PEG
(Figure 4f). The formation of larger low density aggre-
gates of NHz2-PEGzo00-SHAuNps-DCFs as observed by DLS
(Figure 2e) and the most probable location of the bCA in a
DCFs environment avoid direct contacts with AuNps as
obtained following the strategy C ensures a more im-
portant activation with higher growth numbers than in the
AuNps-DCF-SH-bCA systems (Strategies A,B) (Figure 4i).
In addition, this combination significantly ameliorated bCA
activation. The major activity with a growth factor of ~30
is obtained with strategy C2 For the immobilization of bCA
at the interface with NH2-PEG2000-SHAuNps and DCF-PEG
constituting the best environment for the activation in-
cluding high density of DCFs and optimal interactions
within the space between particles.

The activation behavior was then quantitatively monitored
by determining the Km equal to the substrate concentration
at half of the maximum rate Vmax, which were both deter-
mined by fitting the data with the Michaelis-Menten model
(Figures S17-S19). As shown in Table 1, the addition of
increasing amounts of DCF-PEG or DCF SH decrease the Km
= 23.2 mM of free bCA. The observed decrease is higher for
DCF-SH (Km = 7.5 mM) as compared with DCF-PEG (K =
14.5 mM) for a similar Vmax ~ 0.5 mM.min! for both DCFs
immobilizing bCA. Previous studies indicate that lower Km
and unchanged Vmax reveal a stronger affinity with the bCA
under DCF-confinement “**%, It indicates that enzyme acti-
vation meaning increased intrinsic catalytic efficiency
(isochorismate enzyme) is provided by a macromolecular
crowding effect within DCFs matrices via particularly
imine or disulfide connection reversible bonds intercon-
nected with flexible PEG chains non-covalently interacting
with the enzyme surface. This is lowering its dynamics
under confined conditions to fit the best in presence of
substrate, while maintaining its conformation as described
previously in fluorescence studies. DCFs made of
polyethylenimine (PEI) exhibited a comparable reduction
in Km, approximately 2-fold, with a value of 2.08 mM, com-
pared to 3.13 mM for free bCA #*. We know that activator
molecule participates to the rate-determining step of the
CA catalytic cycle, i.e., proton shuttling between the Zn?*-
H20 and the exterior, leading to Zn?*-OH- species in the
enzyme pocket 2125, The present dynamers decorated with
imines/amines are able to participate in proton shuttling
which facilitate the formation of the nucleophilic species of
the enzyme, explaining thus their highly efficient activating
properties. We have previously shown 25 that the PEG
backbones were responsible only for general encapsula-
tion in a whole leading to the change of enzyme secondary
structure, supported by CD spectra?s, while the functional
amine groups on dynamers were the main reason for H*
shuttling activation.

The K value of AuNps-DCFs-bCA bioconjugates assembled
via strategies A and B were two and three times respec-
tively, lower than free bCA less indicating stronger affinity

with the enzyme under confinement (Table 1). The Vmax
increased significantly to 0.84 mM/min (A) and 1.08
mM/min (B) respectively, meaning that more active en-
zymes are implicated. An efficient activator of CA, timolol,
showed a two times increase in Vmax, which accelerates the
catalytic activity 45.

Temperature is an important parameter that can change
the conformation of proteins, especially when the active
enzymes as bCA are used under harsh conditions like flue
gas COz capture. We determined the thermal stability of
free bCA and encapsulated AuNps-DCFs-bCA at 25 2C and
100 °C. At high concentrations, the activity of DCF-SH-bCA
is diminished by 50%, while for AuNps-DCFs-bCA
bioconjugates the activity is 100% maintained at 100 ©C,
when compared to 25 °C (Figure 5). Importantly, AuNps
play an important role in protecting bCA from denatura-
tion within the conjugates providing an important increas-
ing interest to use these systems under harsh condition
required by industrial CO2 capture processes operated at
high temperatures.

CONCLUSIONS

In conclusion, we have discovered that multivalent DCFs
AuNps conjugates are interesting host matrixes to enhance
the bCA enzyme catalytic activity by changing the enzyme
microenvironment. The two approaches adapted succeed-
ed to form cross-linked bioconjugates at the nanoscale.
First, the “grafting to” approach yielded to the interconnec-
tion of citrate-stabilized AuNps of 22 nm into denser low
dimensional aggregates of 80 - 160 nm diameter in pres-
ence of DCF-SH, whereas the second, the “grafting from”
approach, induced the formation of bigger assemblies of
200 nm between NH2-PEG2000-SHAuNps and DCF-PEG. The
results obtained in this work showed that multivalent
presentation of AuNps-DCFs-bCA components within
nanoscaled platforms present outstanding and optimal
binding behaviors triggering structural changes within
bCA, which results in an impressive improved catalytic
activity under confined conditions, more than 30 times
higher than bCA alone. The AuNps-DCFs-bCA nanohybrid
biocatalysts were notably robust and able to provide cata-
lytic activation effects after being exposed to relatively
harsh temperature of 100°C making them useful for their
feasible deployment in real systems for CO2 capture re-
questing materials to maintain high performance at such
temperatures.
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