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Immobilizing enzyme to nano interfaces has demonstrated to be a favorable strategy for prompting
the industrialized application of enzyme. Despite tremendous endeavor has been devoted to using gold
nanoparticles (AuNPs) as conjugation matrix due to its fascinating physico-chemical properties, main-
taining enzymatic activity while circumventing cumbersome modification remains a formidable chal-
lenge. Herein, the freezing-directed conjugation of enzyme/nano interfaces was constructed without extra

Keywords: reagent. As the proof of concept, glucose oxidase (GOx) was chosen as model enzyme. The one-pot con-
Enzyme conjugation jugation process can be facilely completed at —20 °C under aqueous solution. Moreover, with the loading
Freezing of GOx on AuNP at freezing, the enzyme exhibited superior catalytic activity and stability upon ther-
AuNPs

mal and pH perturbation. The mechanism of boosted activity was then discussed in detail. It was found
that higher loading density under freezing condition and more enzyme tending to bind AuNPs via Au-S
bond were the main factors for the superior activity. More importantly, this methodology was universal
and can also be applied to other enzyme which contains natural cysteine, such as horseradish peroxi-
dase (HRP) and papain. This facile conjugation strategy accompanied by remarkable bioactivity expand

Catalytic activity

the possibilities for enzymatic biosensing, microdevice and even drug delivery.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Enzymes are extremely crucial as environmentally-friendly and
natural catalyst due to their catalyzing features with fascinating ef-
ficiency and selectivity. They are widely applied in green chemistry
and food industry, in biosensing field as signal amplifiers, even in
biomedicine field as therapeutic tools [1,2]. However, the intrinsic
fragility of enzymes upon aggressive environments (acid, alkaline,
and heat fluctuation), poor recovery greatly restricts their indus-
trialization [3]. Immobilizing enzyme on inert nanomaterials has
demonstrated to be a favorable alternative with boosted stability
[4] enhanced activity [5] and regeneration [6-8]. Among this, gold
nanoparticles (AuNPs) have been identified as ideal matrix for en-
zyme/nano interfaces bioconjugation with large surface area and
comparable size to enzyme [9]. As biocompatible nanomaterials,
AuNPs exhibit excellent electronic properties and provide mild en-
vironment for enzyme without compromising freedom in orienta-
tion [10].

* Corresponding author.
E-mail address: qingzhihe@hnu.edu.cn (Z. Qing).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.cclet.2023.108894

The common technique for generating enzyme/AuNP conjugate
was nonspecific adsorption. But the weak interaction and uncon-
trolled enzyme orientation can result in a loss of enzymatic ac-
tivity [11]. An alternative strategy exploited amino group of na-
tive lysine on protein bounding to carboxylic acid-functionalized
AuNPs [12]. Despite AuNP and protein can interact via classical
Au-S bond, but either the protein required complicated cysteine-
tagged modification [13,14] or AuNP needed multi-step functional-
ization [9]. Though tremendous efforts have been made to develop
enzyme/AuNP conjugated methods, there is still in urgent demand
for facile approach that preserve enzyme activity while avoiding
cumbersome modification.

Recently, Liu et al. have realized the reagent-free and efficient
labeling of thiolated DNA on AuNP through the “freezing temper-
atures” approach, which occurred with increased local concentra-
tion in a compressed reaction volume [15]. Additionally, our group
also expanded the excellence of freezing-based method to bio-
application via attaching thiolated DNA to AuNP@Pt [16] and Pt
[17] nanoparticles. We then suppose that enzyme’s cysteine could
be directly interacted to AuNP through Au-S bond under freezing

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Scheme 1. Illustration of conjugation enzyme to AuNP via freezing method. GOx
was chosen as the model enzyme and the yellow sphere denoted sulfydryl of natu-
ral cystein in GOx.
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Fig. 1. (A) Size distribution of the AuNPs and GOx@Au@-20 °C. GOx@Au@-20 °C
was prepared by conjugating GOx to AuNP at —20 °C for 2 h. (B) UV-vis absorption
spectra of the AuNPs, GOx@Au@-20 °C. (C) SDS-PAGE image of GOx@Au@-20 °C
conjugate. Lane 1: marker, Lane 2: AuNPs, Lane 3: GOX@Au@-20 °C. (D) XPS spectra
line of GOX@AuNP conjugate at freeze temperature (GOX@Au@—20 °C).

temperature without the need for cysteine-tagged modification,
thus conjugating enzyme to AuNP can be achieved through one-
pot and reagentless strategy. To demonstrate the proof of concept,
glucose oxidase (GOx) was chosen as a model enzyme. As shown in
Scheme 1, AuNP can serve as supporting matrix to immobilize and
stabilize enzyme via simply mixing GOx and AuNP under freezing
temperature in aqueous solution. With the conjugation of GOx on
AuNP at —20 °C, the enzyme possesses superior catalytic activity
and stability even under harsh conditions. The one-pot conjuga-
tion method accompanied by promoted bioactivity opens up a new
avenue to enzyme/nano interface system in challenging real-world
application.

To validate the freezing-directed conjugation strategy of en-
zyme/nano interfaces, GOx was chosen as model enzyme owing to
its high turnover and broad application in glucose detection [18],
food preservation and even biofuel cells [19]. The AuNPs were syn-
thesized by the standard citrate-reduction method [20] and firstly
confirmed by dynamic light scattering (DLS, Fig. 1A) and visible ab-
sorption peak at 520 nm (Fig. 1B). After loading GOx on AuNP at
—20 °C (GOx@Au@-20 °C), the maximum visible absorption peak
shifted from 520 nm to 525 nm, indicating the successful conju-
gation of protein to nanoparticles [21]. The DLS data presented re-
sults which was accordant with absorption spectrum, with hydro-
dynamic diameter increased from 17+3.2 nm to 35+4.3 nm. Gel
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Fig. 2. (A) Relative enzyme activity of GOx@Au@-20 °C, GOx@Au@0 °C,
GOx@Au@4 °C and GOx@Au@25 °C after adding different concentrations of free GOx
(0.05—0.6 mg/mL). The concentration of AuNPs was fixed at 3 nmol/L. Relative en-
zymatic activity were recorded as relative percentage of maximum activity which
was set as 100%. (B) Relative enzyme activity of various GOX@AuNP conjugates at
different times. The concentration of AuNPs and GOx was fixed as 3 nmol/L and
0.3 mg/mL. (C) The loading density of various GOX@AuNP conjugates after adding
different concentration of free GOx. (D) The loading density of various GOX@AuNP
conjugates at 0-3 h. The error bar represented three parallel experiments.

electrophoresis analysis conducted by SDS-PAGE showed the obvi-
ous band at approximately 79 kDa for GOX@Au@-20 °C conjugate
(Lane 3, Fig. 1C), corresponding to GOx size and further proved the
successful binding GOx on AuNPs.

The well-dispersed and spherical AuNPs in aqueous solution
shown in TEM (Fig. S1 in Supporting information) guaranteed
a high surface-to-volume ratio for the enzyme conjugation. The
introduction of high salt concentration (PBS buffer containing
125 mmol/L NaCl) caused the naked AuNPs to aggregate and solu-
tion to appear color change from red to blue. However, no agglom-
eration of AuNPs was observed at GOX@Au@-20 °C in PBS buffer,
suggesting that the GOx in the conjugate might be covalent bind-
ing to the AuNP rather than easier-removal adsorption [22]. Then
we ulteriorly attempted to clarify the binding force of GOx and
AuNP based on the GOx structure. GOx has three cystein (Cys206,
Cys521, and Cys164) with one located closely to protein surface:
Cys521 [23], which might potentially interact with AuNPs via cova-
lent Au-S bond [22]. To verify this hypothesis, furthermore the X-
ray photoelectron spectroscopy (XPS) experiment was carried out.
The demonstration of binding energy peaks of Au-S 4f;); and Au-S
4f7), at 84.5 and 88.2 eV explicitly evidenced the formation of Au-S
bond (Fig. 1D). These results confirmed that this one-pot immobi-
lization strategy was successfully established with GOx as model
enzyme and the interaction of GOx and AuNP was mainly through
Au-S bond.

The interaction between protein with nanoparticle could cause
protein’s conformational change as demonstrated by previous
studies, which turn out to be influential on protein activ-
ity [24]. We further explored whether the function of immo-
bilized enzyme be impacted. The catalytic products of GOx:
H,0,, with glucose as its substrate, can successively convert
3,3’-dimethoxybenzidine into chromogenic products in the pres-
ence of HRP. The enzymatic activity of GOX@AuNP that conju-
gated at —20 °C (GOx@Au@-20 °C), 0 °C (GOx@Au@0 °C), 4 °C
(GOx@Au@4 °C), and 25 °C (GOx@Au@25 °C) thus can be opti-
cally measured by visible absorption. Enzyme activity was recorded
as relative percentage of maximum activity (set as 100%) in or-
der to minimize possible errors. As shown in Fig. 2A, immobi-
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lized enzyme activity under freezing condition dramatically in-
creased to 100% activity in the presence of 0.3 mg/mL free GOx
and gradually declined in the presence of 0.4 mg/mL. Kinetic data
in Fig. 2B exhibited that GOx@Au@-20 °C fleetly increased to 40%
activity after 0.5 h, to 65% after 1 h but enzymatic activities of
GOx@Au@0 °C, GOx@Au@4 °C, GOx@Au@25 °C entirely showed less
than 10% (0.5 h) and 15% (1 h) activities. Under optimal time (2 h),
enzymatic activity of conjugate at —20 °C (100%) were much better
preserved than other temperature: 25% (0 °C), 20% (4 °C), and 20%
(25 °C). These results indicated that the facile conjugation strategy
upon freezing temperature has been established on-demand and
possessed fascinating activity.

Then we tried to elucidate the mechanism of superior activ-
ity upon freezing temperature. According to previous research, the
loading density of enzyme on nano-interface is responsible for its
conformational change and steric hindrance, which in turn adjust
the access of substrate to catalytic center [25]. Therefore, we spec-
ulated that the excellent GOx activity might be related to load-
ing density. Then much efforts have been devoted to determine
the protein concentration on AuNPs by the Bradford method [26].
As the concentration of GOx elevated from 1.875 x 10~2 mg/mL
to 10 times larger, the absorbance at 595 nm gradually increased
with coomassie blue stain (Fig. S2 in Supporting information).
Thereafter a satisfied linear fit of the calibration curve was ac-
quired to quantify the GOx. When fixing the concentration of
AuNPs to 3 nmol/L, the loading amount of GOX on AuNPs at var-
ious temperature was investigated upon increasing free GOx from
0.05 mg/mL to 0.4 mg/mL (Fig. 2C). The loading density of GOx
on AuNPs was obviously increased and reached saturation when
adding 0.3 mg/mL free GOX. The loading amount of GOX@Au@0 °C,
GOx@Au@4 °C, and GOx@Au@25 °C displayed similar results, each
only 30% amount of that of the freezing conjugates, evidencing the
superior performance of freezing method. Besides the amount of
free GOx, the incubation time likewise play decisive role in the
loading density. The density in GOx@Au@-20 °C conjugate was
dramatically elevated upon extending reaction time and reached
plateau at 2 h, whereas conjugation at 0 °C, 4 °C, and 25 °C exhib-
ited much lower loading density in the same condition (Fig. 2D).
It may be reasoned according to the previous study that AuNPs,
GOx will be pushed out of the gradually formed ice crystals
upon freezing condition and thus be concentrated in ultra-small
space, which prominently boost enzymatic conjugation density
[15]. While higher loading density tend to endow greater num-
bers of catalytic sites each nanoparticle [27], which is directly
favourable for enzymatic activity. Therefore, the superior activity
might be partly attributed to high loading density under freezing
condition. It is worth mentioning that when conjugation density
reached to certain levels, the detrimental effect of protein crowd-
ing on the substrate approaching to active center may evolve into
a new issue [28].

Previous studies have demonstrated that conjugating enzyme to
nano interface with specific orientation make advantageous contri-
butions to its activity [11] while the enzymatic activity is compro-
mised by random orientation when interacted to nanoparticles via
adsorption [29]. On the basis of the specific orientation when GOx
binding to AuNPs via Au-S bond and the excellent activity under
freezing condition, we speculated that the GOx in GOx@Au@-20 °C
conjugate was more inclined to interact with AuNPs via Au-S bond.
To validate this presume, the XPS characteristic of GOx@Au@0 °C,
GOx@Au@4 °C, and GOx@Au@25 °C was also conducted (Figs. S3-
S5 in Supporting information) and found that the content of Au-S
bond at —20 °C was higher than that at other temperatures (Ta-
ble S1 in Supporting information). Based on the above analysis,
we concluded that higher loading density under freezing condition
and more enzyme tending to bind AuNPs via Au-S bond were the
main reasons for the superior enzyme activity.
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Fig. 3. (A) The relative enzymatic activity of GOx, various GOX@AuNP conjugates
after incubated at 50 °C for 0-3 h. The initial activity was recorded as 100% activity.
(B) Relative enzyme activity of GOX, various GOX@AuNP conjugates after incubated
in phosphate buffer (pH 2.0) for 1 h. (C) The absorption spectra of chromogenic
products in the presence of HRP after adding various concentration of glucose to
GOx@Au@-20 °C. (D) The residual acitivity of GOx@Au@-20 °C after catalysis of
glucose at different recycling times (1-5 times).

After applying GOx@AuNP conjugates in catalysis, the protec-
tion effect of AuNPs to enzyme was also investigated under in-
hospitable environments such as heat, acid and alkaline. First, we
evaluated its thermal tolerance by immersing GOX@AuNP conju-
gates in 50 °C water. After heat treatment for 1 h, free GOX main-
tain only 83% of original activity while GOx@Au@-20 °C (98%),
GOx@Au@4 °C (88%), and GOx@Au@0 °C (90%) retain better ac-
tivity. When subjected to 50 °C for 3 h, free GOx dramatically
decreased to 52% activity, whereas GOx@Au@-20 °C preserved
much better activity (91%) and GOx@Au@4 °C, GOx@Au@0 °C,
and GOx@Au@25 °C retained moderate activity (70%, 75% and
68%, Fig. 3A). Next, the acid tolerance was investigated in
phosphate buffer (pH 2.0). Protective experiment indicated that
GOx@Au@-20 °C maintained 80% activity after exposure to
acid environment for 1 h but GOx@Au@4 °C, GOx@Au@0 °C,
GOx@Au@25 °C showed slightly lower activity and free GOx ex-
hibited only 60% activity (Fig. 3B). A similar effect was generated
after alkaline treatment in pH 9.0 for 1 h as evidenced in Fig. S6
(Supporting information). These results suggested that AuNPs af-
forded as a splendid “shielding” material for GOx upon external
perturbation. To evaluate its practical application potential, stabil-
ity of GOXx@Au@-20 °C conjugate at different pH (pH 4.0-9.0) and
storage times (0-30 days) was subsequently investigated. Negligi-
ble size change characterized by DLS (Fig. S7 in Supporting infor-
mation) and TEM (Fig. S8 in Supporting information) was observed
when storage time prolonged even for 30 days. Even if the stor-
age days extended to 60 days, the enzyme activity still remained
above 80% activity (Fig. S9 in Supporting information). Similar re-
sults were obtained when incubated GOx@Au@-20 °C at differ-
ent pH for 1 h, which exhibited distinguished stability (Figs. S10
and S11 in Supporting information). Finally, we examined the cat-
alytic reusability of GOX@AuNP conjugate, which is a vital indica-
tor for industrial biocatalysts [30]. The sensing performance of the
GOx@Au@-20 °C conjugate was firstly proved by the increased ab-
sorption when the concentration of glucose varied from 5 pmol/L
to 30 umol/L (Fig. 3C). Then it could be easily reused through cen-
trifugation and recycled five times without significant activity re-
duction (Fig. 3D). Finally, the practicability of immobilized GOx for
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Fig. 4. (A) Schematic description of conjugating AuNPs to horseradish peroxidase
(HRP) and its catalytic reaction with TMB. (B) UV-vis absorption spectra of the
AuNP and HRP@AuNP. The HRP@AuNP was prepared by incubating HRP with AuNP
at —20 °C for 2 h. (C) The absorption spectra of oxTMB in the presence of HRP af-
ter adding various concentration of H,0, (2-40 pmol/L) to GOx@Au@-20 °C. (D)
Linear regression equation between absorbance at 652 nm and H,0, concentration.
The insert pictures showed the corresponding photograph.

glucose detection in glucose-free tea was investigated (Table S2 in
Supporting information), which exhibited satisfactory recovery.

Encouraged by the features of facile conjugation, superior cat-
alytic activity and boosted stability of the aforementioned freez-
ing strategy, we further sought to evaluate its generality, with pa-
pain as chosen representative. Papain is one model of cysteine-
proteases and widely used in industrial field such as food indus-
tries, drug production [31]. After free papain incubated with AuNP
under freezing conditions for 2 h, the absorbance measured by
Bradford assay first increased and then decreased accompanying
the free papain amount vary from 0 to 0.4 mg/mL, which was con-
sistent with GOx and confirmed the successful loading papain on
AuNP (Fig. S12 in Supporting information). Furthermore, the ob-
servation of binding energy peaks of Au-S 4fs;; and Au-S 4f;, at
84.5 eV and 88.2 eV using XPS verified the formation of Au-S bond
(Fig. S13 in Supporting information). Then HRP, a commonly used
enzyme, was also selected as model protein and the sensing mech-
anism was shown in Fig. 4A. The red shift of maximum absorption
wavelength suggested the accomplished loading of HRP on AuNP
(Fig. 4B). We thereafter investigated its catalytic property that cat-
alyzed oxidation of 3,3’,5,5'-tetramethylbenzidine (TMB) to oxTMB
for colorimetric analysis in the presence of H,0,. As the concentra-
tion of H,0, elevated from 2 pmol/L to 40 pmol/L, the absorbance
at 652 nm gradually increased (Fig. 4C) and the color of solution
changed from colorless to blue (Fig. 4D). The concentration of H,0,
has a good linear relationship with the absorbance at 652 nm as
displayed in Fig. 4D, indicating that the conjugated HRP has sat-
isfactory potential in biosensing. Similarly, tap water and lake wa-
ter were selected for spiked recovery tests to assess the detection
capability of HRP@AuNP in real samples (Table S3 in Supporting
information). The results of the spiked recovery experiments indi-
cated that the HRP@AuNP was of good accuracy.

In summary, we have developed a freezing-directed approach to
construct enzyme/nano interface. This facile and general strategy
combines the merits of immobilized enzyme with distinguished
physico-chemical properties of AuNP, which exhibits superior ac-
tivity and high stability. It has remarkable advantages over previ-
ous methods in the following aspects: (1) It is a one-pot conju-
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gated strategy and no extra reagent are needed. (2) The resulting
enzyme/AuNP conjugate harbours excellent stability against exter-
nal heat and pH perturbations. (3) Finally, this method is univer-
sal and can be extended to other cysteine-containing enzyme such
as HRP and papain. We anticipate that such conspicuous advances
will be exploited to construct enzyme/nano interface for biosens-
ing, microdevice and drug delivery.
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