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Physically adsorbing proteins through functional polymeric nanoparticles hold great potential for a variety of
applications. Achieving strong and stable adsorption via hydrogen bonding in aqueous phases is challenging due
to the interference from water molecules. The monomer 2-vinyl-4,6-diamino-1,3,5-triazine (VDAT) not only
provides donor and receptor sites for hydrogen bonding but also possesses an apolar nature that can help prevent
water molecules from interfering with these bonding sites. In this work, poly(vinyldiaminotriazine) nanoparticles
(PVDAT) with sizes ranging from approximately 50 nm to 240 nm were synthesized through semi-continuous
precipitation polymerization in water. The formation mechanism of PVDAT, including particle nucleation and
growth stages, was investigated. VDAT oligomers aggregated to form a core and subsequently grew by adsorbing
additional VDAT oligomers. Adsorption studies of PVDAT on horseradish peroxidase (HRP) demonstrated stable
physical adsorption facilitated by hydrogen bonding between PVDAT and the enzyme in the aqueous phase. The
adsorption of HRP by PVDAT followed the Langmuir model of single-layer adsorption, with a maximum
adsorption capacity of 13.80 mg/g and a retention of enzymatic activity of ~74.99 %. This innovative approach
aims to enhance the precision and efficacy of protein separation and extraction, as well as the efficiency of

enzyme immobilization.

1. Introduction

Proteins are bioactive macromolecules that play crucial roles in
biological processes and are fundamental to life. Understanding the
adsorption behavior and mechanisms of proteins with various materials
is essential for applications such as protein separation, extraction, and
enzyme immobilization [1,2]. However, the adsorption process can
often compromise the conformational stability of proteins, leading to
alterations in their structure and function. For instance, Zhang et al. [3]
developed a polydopamine (PDA)-coated biocatalytic membrane for
protein loading via covalent bonding, which adversely affected the
stability of protein conformation post-loading. Similarly, Matsuura et al.
[4] studied the electrostatic adsorption of water-soluble proteins onto
carbon nanotubes, but the stringent charge requirements posed chal-
lenges in preserving protein conformation. Moreover, electrostatic in-
teractions are sensitive to variations in pH and ionic strength, further
complicating the adsorption process.

* Corresponding authors.

H-bonding is a strong physical interaction with high directionality
and hence, has attracted increasing interests for both academia research
and industrial development as an effective driving force for physical
adsorptions [5-7]. The study of H-bonding force and its adsorption
properties have attracted great interests. Protein adsorptions are ideally
conducted in aqueous media because they are usually inactivated in
organic solvents. However, achieving strong and stable hydrogen
bonding in aqueous environments is challenging due to the competitive
nature of water molecules, which can weaken or disrupt the hydrogen
bonds between proteins and functional polymers [8].

Molecular biology suggests that H-bonding as a non-covalently
bonded is primarily influenced by the atoms or groups within the
amino acid units and their ligands [9]. The flexibility of these groups
allows for optimal binding site accessibility through chain folding.
Additionally, adjacent segments of the polypeptide chain can restrict
water molecules from entering the binding site, enhancing the strength
of hydrogen bonding between the protein and the ligand [10]. Thus, the
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restriction of water plays a critical role in the specific adsorption of
biological macromolecules, synergistically enhancing hydrogen
bonding interactions. This synergistic effect of hydrophobic hydrogen
bonds facilitates improved binding between proteins and functional
monomers.

The VDAT monomer has both donor and receptor for H-bonding sites
(Fig. 1) and exhibits very low water solubility at room temperature. This
is probably attributed to its unique physiochemical characteristics
which enable multiple intermolecular hydrogen bands that are too
strong to be broken in neither water, nor the organic solvents. The
special structure of VDAT favors an effective protein adsorption through
H-bonding sites in aqueous systems, which is expected to minimize the
effects of water molecules [11-13] (Fig. 2). VDAT contains multiple
amino groups (—NH2), which can serve as the H-bond donors while the
triazine rings act as the H-bond acceptors. This configuration facilitates
the formation of a stable network of hydrogen bonds between PVDAT
nanoparticles and proteins, such as horseradish peroxidase (HRP). In
addition to hydrogen bonding, the hydrophobic regions of PVDAT
facilitate the interaction with HRP. The presence of hydrophobic effects
in aqueous solutions promotes the formation of the protein complex and
avoids the interference from water molecules. For effective physical
adsorptions, micro- or nanoparticles with large specific surface areas
and flexibility are preferred to meet various application needs [14,15].
However, the traditional synthetic methods are not suitable for syn-
thesizing PVDAT particles, limited by the poor solubility of solid VDAT
in both water and organic solvents.

In this work, we synthesized monodispersed PVDAT nanoparticles
through semi-continuous precipitation polymerization in the aqueous
phase, allowing for precise control over particle size. We investigated
the formation mechanism of PVDAT particles and explored the adsorp-
tion behavior and mechanisms of HRP in aqueous media. Notably, the
hydrogen bonding between PVDAT and proteins remains unaffected by
water, resulting in an impressive enzymatic activity retention of ~74.99
%. This study might be widely used in sewage treatment [16,17],
medical diagnostic assay [18] and enzyme biosensor [19].

2. Experimental
2.1. Materials

2,2-azobis (2-methylpropionamidine) dihydrochloride (V50) was
purchased from Shanghai Aladdin Chemistry Co. Ltd. VDAT was syn-
thesized in our laboratory according to the method in reference [20].
Phosphate buffered saline (PBS) was prepared from sodium dihydrogen
phosphate and disodium hydrogen phosphate which were both pur-
chased from Sinopharm Chemical Reagent Co. Ltd. Dimethyl sulfoxide
(DMSO, AR)and hydrogen peroxide aqueous solution (H202, 30 %) were
also purchased from Sinopharm Chemical Reagent Co. Ltd. Horseradish
peroxidase (HRP, RZ:>3.0) and 3,3,5,5’-Tetramethylbenzidine (TMB,
99.0 %) were obtained from Shanghai Macklin Biochemical Technology
Co. Ltd., and stored in a refrigerator prior to use. Distilled deionized
(DDI) water was used in all experiments, and all HRP solutions were
prepared by dissolving in PBS.
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Fig. 1. VDAT structure and potential sites for H-bonding.
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Fig. 2. Schematic diagram of the hydrogen bonding binding site of PVDAT
particles to the peptide bone in protein (The PVDAT model is on the left and
peptide bone model is on the right).

2.2. Synthesis of PVDAT nanoparticles with controllable particle size

PVDAT nanoparticles were prepared by semi-continuous aqueous
precipitation polymerization method in a 100 mL four-necked reactor
which was immersed in 80 °C oil-bath and equipped with a mechanical
stirrer at 200 rpm, a water-cooled condenser, nitrogen inlet and outlet.
VDAT (0.4 g) and V50 (0.004 g) were dissolved in 7.5 mL DMSO and 7.5
mL DDI water, respectively in two reservoirs which were separately
connected to the two liquid feed inlets of the reactor by using two rubber
tubes of a multi-channel peristaltic pump. In the reactor, deoxygenated
25 mL DDI water by slow nitrogen bubbling for 30 min. Then, take 0.75
mL V50 solution from the V50 reservoir and added to the reactor as one
shot. To make up the total volume of 0.75 mL in theV50 reservoir, 0.75
mL DDI water was added. After that, the peristaltic pump was started to
continuously feed the VDAT solution andV50 solution to the reactor at a
flow rate of 21.82 pL/min.

To collect PVDAT nanoparticles with different particle sizes,
approximately 2.0 mL samples were taken from the reactor at different
reaction timepoints until the VDAT and V50 solutions were fed
completely. The collected samples were purified by dialysis against DDI
water with water change every four hours for three times. Finally, the
purified PVDAT nanoparticles were stored at room temperature for
further use.

2.3. Adsorption of HRP by PVDAT nanoparticles

2.3.1. pH and ionic strength studies

PBS buffers with a pH range of 6.0 to 8.0 and an ionic strength range
of 0.1-1.0 mol/L were prepared for use. PVDAT nanoparticles of about
150 nm diameter were used for the pH and ionic strength studies. HRP
solutions in PBS with a concentration range of 50-2000 pg/mL were
mixed with the purified nanoparticle dispersion with a solid content of
10 mg/mL by using a mechanical shaker (TS-1). Then, the mixtures were
centrifuged by using a desktop high-speed centrifuge (TLL-C) at 10000
rpm for 10 min, and the supernatants were collected and filtered off
using 0.45-im PES Syringe Filters. Absorbance at 403 nm wavelength of
HRP in the supernatants were measured with an UV-visible spectro-
photometer (Hitachi U3900), and the residual HRP concentrations in the
supernatants were calculated by using the corresponding calibration
equations for HRP. Finally, HRP adsorptions were worked out from the
residual HRP concentrations.

2.3.2. Adsorption capacity and kinetics

The same PVDAT nanoparticle dispersion described in the immediate
above section were mixed with HRP solutions in PBS with a concen-
tration range of 100-1500 pg/mL, where the PBS had a pH of 6.0 and an
ionic strength of 0.1 mol/L. The methods of mixing, separation and HRP
adsorption measurements were the same as described in the immediate
above section. Four isotherm models of Langmuir, Freundlich and
Temkin, expressed in Egs. (1) to (3), were employed to fit the
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equilibrium data and obtain the key adsorption constants [21-23].

C. 1 C.
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Ing. = InKy +H~lnCe 2
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where C. (ug/mL) is the equilibrium concentration, g, (mg/g) is the
adsorption capacity at equilibrium, g, (mg/g) is the maximum mono-
layer adsorption capacity calculated by the Langmuir model, K, is the
Langmuir adsorption constant. The characteristics of the Langmuir
isotherm can also be expressed in a term of equilibrium parameter (Ry),
Ry =1/(1 +K;-Cp), where Cy is the initial concentration. Ky and n are
Freundlich constants, Krrepresents the relative adsorption capacity of
adsorbent, and n is related with adsorption intensity. Bis the Temkin
isotherm constant and A is the Temkin isotherm energy constant.

The Langmuir isotherm assumes that the adsorption cannot proceed
beyond monolayer coverage of adsorbate over a homogeneous adsor-
bent surface [24,25]. The Freundlich model is an empirical expression
used to describe both the heterogeneous surfaces and multilayer
adsorption. The Temkin isotherm assumes that the binding energy is
distributed uniformly for the adsorption.

Under the same conditions, adsorption kinetic studies were carried
out under the HRP concentration of 100 pg/mL, and the adsorption time
varied between 5 and 90 min.

2.3.3. Adsorption of HRP by PVDAT nanoparticles with different particle
sizes

PVDAT nanoparticles with a particle size of 120 nm, 150 nm and 240
nm were mixed with HRP solutions in PBS (pH = 6, ionic strength 0.1 M)
with a concentration range of 100-800 pg/mL, and then carried out
according to the above method.

2.3.4. Adsorbed HRP activity studies

ELISA method was used to analyze activity of the adsorbed HRP
through the HRP, TMB, and Hy0> reactions. PBS buffer with pH of 6 and
ionic strength of 0.1 M was prepared. The Hy05 solution (30 %) was
diluted 1000 times, and 2.5 g/L. TMB solution was prepared with
ethanol.

0.01 mL of 1 pg/mL HRP solution, 0.2 mL of TMB solution and 0.78
mL of PBS dispersion were mixed in a centrifuge tube, then 0.01 mL of
H20; solution was added and the chronograph was started. The mixed
solution was shaken quickly and transferred to a cuvette, and the
absorbance changes with wavelength at different times were recorded
using the UV-visible spectrophotometer.

Enzyme activity standard curve was drawn. 1-10 pg/mL HRP solu-
tion was mixed with TMB and HzOsaccording to the above method and
transferred to the cuvette respectively. The curve of absorbance at a
wavelength of 650 nm over time was tested by UV-visible
spectrophotometer.

The HRP solutions with an original concentration range of 100-1500
pg/mL were adsorbed by PVDAT nanoparticles, and the PVDAT nano-
particles adsorbed with different concentrations of HRP were redis-
persed into the PBS. Immediately afterwards, 0.01 mL the above
dispersion with different concentrations was mixed with TMB and H205,
transferred to the cuvette and tested by the UV-visible spectrophotom-
eter according to the above method. Finally, the content of active HRP
was calculated according to the comparison between the enzyme reac-
tion process curve and enzyme activity standard curve.
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3. Results and discussion
3.1. Synthesis of PVDAT nanoparticles and particle size control

PVDAT nanoparticles were prepared by semi-continuous aqueous
precipitation polymerization. V50 was used as a cationic initiator to
provide long range electrostatic repulsion between the nanoparticles
and ensure stability of the PVDAT nanoparticles during the polymeri-
zation and storage.

Due to VDAT physiochemical character, DMSO was used to dissolve
VDAT for the nanoparticle synthesis. To remove the residual DMSO in
the collected PVDAT nanoparticle samples, four different purification
methods were investigated and the DLS results of a PVDAT nanoparticle
sample after the purification were compared in Fig. 3. Only the dialysis
method had little impact on the average diameter and polydispersity of
the PVDAT nanoparticles, whereas the freeze-dry, centrifugation and
vacuum-dry methods resulted in agglomerates of approximately 300
nm, 362 nm, and 405 nm respectively, in addition to a population of the
original nanoparticles. This was not surprising given that the positively
charged nanoparticles were kept separate throughout the dialysis puri-
fication, whilst the nanoparticles were forced to be compacted during
the other three methods of purification and became difficult to be fully
redispersed. Therefore, all the PVDAT nanoparticles used for the studies
reported in this article were purified by the dialysis method.

Fig. 4 shows Zeta potential results of the PVDAT nanoparticles before
and after the dialysis purification. After removing DMSO, the zeta po-
tential increased from +38.89 mV to +51.97 mV. The purified PVDAT
nanoparticles had good stability in pure water and no visible change
upon leaving to stand at room temperature for over 12 months.

SEM image of the above discussed PVDAT nanoparticle sample is
shown in Fig. 5(a). The nanoparticles were uniform with an average
particle size of about 150 nm. DLS results of the same sample is shown in
Fig. 5(b), indicating an average particle size of 155 nm and a poly-
dispersity of 0.005.

As reported in our previous publications [26], the particle formation
mechanism is depicted in Fig. 6. Briefly, V50 primary free-radicals
initiated chain reactions of VDAT in the aqueous media, and the
formed oligomers precipitated out to form nuclei as their solubility
rapidly decreased with increasing molecular weight. These nuclei grew
by capturing newly formed VDAT oligomers/polymers as VDAT and V50
were continuously fed into the reactor. The continuous capture of newly
formed oligomers/polymers also resulted in accumulation of the posi-
tive charges at the particle surfaces. Compared with the traditional
precipitation polymerization proposed by Stover et al. [27], the number
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- ~e— Dialysis replacement
140 1 5: —a— Centrifugal and redispersion
. ~—v—Vacuum-drying and redispersion
120 4 . ' Freeze-drying and redispersion
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Fig. 3. DLS results of PVDAT nanoparticle sample before and after purification
of different methods.
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Fig. 4. Zeta potential of PVDAT nanoparticles before and after DR.

ratio of PVDAT nuclei or particles to the newly formed oligomers/
polymers was relatively large throughout the course of particle growth
because only a small quantities of VDAT was present in the reaction
system at any timepoints. Therefore, the newly formed oligomers/
polymers were likely to be captured by the large number of growing
nuclei or particles rather than forming new nuclei. As a result, the
particle size distribution was kept narrow while the particle size grad-
ually increased with the continuous monomer feeding.

The above hypothesis was verified by the particle analysis results of
samples collected at different polymerization timepoints. Fig. 7 shows

Intensity

Reactive and Functional Polymers 208 (2025) 106156

variation of DLS results of PVDAT nanoparticles with varied quantities
of the monomer feed. The nanoparticles grew rapidly at the early stages
and then slowed down with increasing the monomer quality. This is a
common phenomenon as the particle diameter increase is always faster
for smaller particles.

SEM images in Fig. 8 reveal the uniform PVDAT nanoparticles with
increased particle size at varied quantities of VDAT. It is noteworthy that
some small particles were visible in Fig. 8 (e) and Fig. 8 (f). These small
particles likely resulted from the newly formed oligomers/polymers at
the late stages of polymerization. This could be attributed to the slow-
down in capturing the positively charged oligomers/polymers by the
unlikely charged existing particles as their surface charge density
increased to a certain degree. This observation was confirmed by
repeating the experimentations.

The nanoparticles collected at different polymerization timepoints
(with varied VDAT feed quantities) had not only uniform particle size,
but also good stability.It remains colloidally stable after several days
This provided opportunity to synthesis PVDAT nanoparticles with
controllable particle size in a range of approximately 50 nm to 240 nm.
Fig. 9 shows results of PVDAT nanoparticles with an average diameter of
about 50 nm. Three different size PVDAT nanoparticles were prepared
and used for study of the particle size effect on HRP adsorption as pre-
sented in the following section.

3.2. Adsorption of HRP by PVDAT nanoparticles

The solution acidity and ionic strength are important parameter
which are highly affecting the adsorption process [28,29]. Effects of pH
(6 to 8) and ionic strength (0.1 to 1.0 mol/L) on the adsorption were
studied by using the PVDAT nanoparticles with an average particle size
of about 150 nm. The adsorption capacities were worked out from the
residual HRP quantities which were calculated from 403 nm absorbance

(b)
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Fig. 5. SEM images and DLS results of one PVDAT nanoparticle sample.
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Fig. 6. The formation mechanism of PVDAT nanoparticles.
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of the HRP supernatants by using the corresponding standard curve
250 4 under the pH or ionic strength conditions (see Supplementary Infor-
mation, Fig. S1). The pH range was purposely studied across HRP iso-
electric point (7.2). As shown in Fig. 10(a), the HRP adsorption occurred
200 at all the pH conditions. At pH 6, the HRP surfaces were positively
charged and hence, there would be electrostatic repulsion between HRP
and the PVDAT nanoparticles. The detected HRP adsorption must be
150 - attributed to the effective H-bonding which was greater than the elec-
trostatic repulsion. The increased HRP adsorption as the pH changed
from 6 to 8was expected given that the charge state of HRP surfaces
100 - changed from positive to negative as the pH rose above the HRP iso-
electric point, and the electrostatic interaction between HRP and the
positively charged PVDAT nanoparticles altered from repulsion to
50 attraction.

The positive charges at the HRP surfaces changed to negative charge,
and the amount of negative charge will gradually increase. It is worth

Diameter (nm)

0 r . . . . . . . noting that the pl of HRP is 7.2. When the pH is lower than 7.2, the
00 02 04 06 08 10 12 14 surface of HRP is positively charged, and there would be electrostatic
VDAT monomer quality (g) repulsion between PVDAT nanoparticles, but HRP was still adsorbed,

which proves that PVDAT nanoparticles can form an effective hydrogen

Fig. 7. Particle size growth of PVDAT nanoparticles. bond with HRP, and the hydrogen bond is greater than electrostatic.

Fig. 10(b) showed that the adsorption amount of HRP increased with the

b)

_ I —

35 40 45 50 55 60 65
Diameter (nm)

Fig. 9. SEM image and DLS result, respectively of another PVDAT nanoparticle sample which was collected at the early stage (20 min) of VDAT and V50 feeding.
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Fig. 10. HRP adsorptions under: (a) Different pH at 1.0moL/L ionic strength, (b) Different ionic strength at pH 6.

decrease of ionic strength. The main reason is that PVDAT nanoparticles
are positively charged, when the ionic strength is relatively high, the
shielding effect on the surface charge of the particles will be greater.
Which will cause the stability of the nanoparticles to decrease, and even
agglomeration deposition will occur. Notably, the adsorption capacity of
HRP under different ionic strengths within a certain concentration range
increased slowly with the increase of the concentration, but when the
concentration rose to 2 mg/mL, the adsorption capacity all appeared to
rise sharply. It is presumed that this may be because when the concen-
tration of HRP reaches a certain value, the enzyme will be deactivated,
and the multilayer will be adsorbed on the particle surface. And this has
been confirmed in the discussion of enzyme activity in the next section.

In order to fully evaluate the adsorption capacity of PVDAT nano-
particles to HRP, the adsorption capacity was tested. The initial con-
centration of the adsorbate has a very important influence on the
adsorption process [30]. Under the conditions of pH 6 and ionic strength
of 0.1 mol/L, if the concentration is too high, HRP will be inactivated.
Thus, the initial concentration of HRP was selected to be 0.1-1.5 mg/
mL, and the adsorbed protein was calculated by UV-visible spectro-
photometer. As shown in Fig. 11, the adsorption capacity of PVDAT
nanoparticles on HRP gradually increased with the increase of HRP
concentration. When the protein concentration was lower than 0.4 mg/
mlL, the adsorption rate was faster, and when the protein concentration
was higher than 0.4 mg/mL, the adsorption rate gradually decreased.
This may be because the adsorption is about to reach equilibrium.

The adsorption isotherm equation can be used not only to evaluate
the adsorption capacity of the adsorbent, but also to determine the
interaction between the adsorbent and the adsorbent [31,32]. The three
adsorption isotherm equations of Langmuir (C./q. to C.), Freundlich

1500 pg/mL
R A
~==400 pg/mL
2.51 ——100 pg/mL
3 2.0+
c
<
2
o 1.54
a
2
<
1.0 1
=5 N
054 — -
———,/\
0.0 r T T T

390 400 410
Wavelength (nm)

(Ing, to InC,) and Temkin (g, to InC,) were used to fit the HRP adsorption
capacity as shown in Fig. 12. From the correlation coefficient of each
adsorption model, the Langmuir model was the best fitting equation
describing the adsorption of HRP, with the highest correlation coeffi-
cient value (R? = 0.993). This indicated that HRP may form a single
layer of adsorption on the surface of PVDAT nanoparticles, and from the
correlation coefficient of the Temkin equation (R2 = 0.989), it can be
seen that the surface of PVDAT nanoparticles has the same adsorption
capacity. According to the Langmuir fitting equation, the maximum
adsorption capacity of PVDAT nanoparticles for HRP can reach 13.80
mg/g, the adsorption of micron-scale PVDAT microspheres prepared by
Liu et al. [33] is only 8.68 mg/g, which fully indicates that the
adsorption capacity of nanoparticles is stronger than that of micron
particles. In addition, the Langmuir equilibrium parameter Ry, represents
the adsorption properties: irreversible (Ry, = 0), easier to adsorb (0 < Ry,
< 1), linear (Ry, = 1) or difficult to adsorb (R > 1) [34,35]. The Ry
within the initial concentration range of HRP can be calculated by the
fitting equation to be 0.291-0.860, so PVDAT nanoparticles belong to
the type that is easier to adsorb HRP. Under the premise of electrostatic
repulsion, HRP can be easily adsorbed, which also proves the dominant
role of hydrogen bond between PVDAT nanoparticles and HRP in the
water phase.

Keep the pH at 6 and the ionic strength at 0.1 mol/L unchanged.
Because the HRP adsorption was relatively stable under low concen-
tration conditions, 100 pg/mL HRP solutions were selected to test the
adsorption ratio of nanoparticles to HRP during the adsorption time of
5-90 min. Fig. 13 showed that as the adsorption time increased, the
adsorption percentage gradually increased and eventually tended to
equilibrium. This is because in the early stage of adsorption, the

10 4

(b)

Adsorption capacity (mg/qg)
-~ [-2] [--)

N
L

00 02 04 06 08 10 12 14 16

Concentration (mg/mL)

Fig. 11. The adsorption capacity of HRP on PVDAT nanoparticles: (a) UV spectrum, (b) The relationship curve between adsorption capacity and HRP concentration.
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Fig. 12. HRP adsorption isotherm equations fitting: (a) Langmuir, (b) Freundlich, (c) Temkin.

hydrogen bonding sites on the surface of the nanoparticles are basically
in a vacant state. At this stage, due to the synergy of hydrophobic
interaction and hydrogen bonding, HRP will quickly be adsorbed to the
surface of the nanoparticles. With the gradual increase in the amount of
adsorption, the increase in the surface coverage of the nanoparticles
leads to a decrease in hydrogen bonding sites, and the adsorption rate
begins to decrease. Eventually, the entire system stabilizes and reaches
an adsorption equilibrium. From the experimental results, the entire
adsorption process takes about 35 min to reach the maximum adsorption
percentage. So, the adsorption process takes about 35 min to reach the
maximum adsorption percentage. Compared with other adsorbent ma-
terials, the whole adsorption process is relatively short, for example, the
chitosan cotton composite prepared by Salman et al. has an equilibrium
time of up to 90 min on substrates [36].

The size of the nanoparticles also plays an important role in the
adsorption process of proteins [37]. The adsorption concentration of
HRP using PVDAT nanoparticles with a particle size of 120 nm, 150 nm
and 240 nm under different initial concentrations of HRP was shown in
Fig. 14. Under the same particle size, the adsorption concentration of
HRP increased with the increase of the initial concentration of HRP. At
the same concentration, the adsorption concentration increased with the
decrease of the particle size, and the higher the concentration, the more
obvious the difference. Because the smaller the particle size of PVDAT
nanoparticles, the larger the specific surface area and the stronger the
adsorption capacity. This also fully proves the advantages of nano-
materials in adsorption.

3.3. Activity of adsorbed HRP

When it is not possible to study the activity of enzymes directly and
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Fig. 14. The adsorption of PVDAT nanoparticles with different diameters to
different concentrations of HRP.

sensitively, it can be demonstrated by indirect methods, such as the
concentration of complexes or catalytic substrates using UV-Vis
photometry [38,39]. Under HRP catalysis, the hydrogen donor substrate
TMB will be oxidized by HoO> to produce a blue product, which has two
absorption peaks at 370 nm and 650 nm, as shown in Fig. 15(a) More-
over, with the extension of the reaction time, the UV absorption in-
tensity of the product will gradually increase. Fig. 15(b) showed the
curve of the absorbance of the reaction product obtained at a
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Fig. 13. The adsorption kinetics of HRP on PVDAT nanoparticles: (a) UV spectrum, (b) The relationship between adsorption capacity and time.



X. Wang et al.

224
2.0 1
1.8 4
1.6 1
1.4 4
1.2 4

Absorbance

1.0 4
0.8 4
0.6 4
0.4 4

Absorbance
(=]
»
1L

0-2 T T T T
300 400 500 600 700
Wavelength (nm)

Reactive and Functional Polymers 208 (2025) 106156

0.84
e A=0.00432T-0.01118
0.6 - R?=0.99916

o
[3,]
1

Abzerbance

Wavelength nm)

0.0

0 20 40 60 80 100 120 140 160 180 200
Time (s)

Fig. 15. HRP reaction product results: (a) UV absorption and (b) fitting curve.

wavelength of 650 nm with the reaction time. The fitting results showed
that the correlation coefficient R? was 0.99916, so the absorbance of the
product in the early stage of the reaction had a good linearity with the
reaction time. This was because the concentration of the enzyme was
extremely low relative to the concentration of the substrate when the
reactants were prepared, which can keep the substrate concentration
approximately constant in the initial reaction system. Therefore, it is
proved that in the early stage of the reaction, the reduction of the sub-
strate in the system had a negligible effect on the enzyme reaction rate.

Fig. 16(a) showed the catalytic reaction process curve of different
concentrations of HRP, which specifically reflected the curve of absor-
bance at 650 nm with reaction time, from which the activity value of
HRP can be calculated. It could be seen from the above that at the
beginning of the reaction, the substrate concentration can be approxi-
mated as a fixed value, and the reaction product had a linear relation-
ship with time. Therefore, the slope of the reaction process curve can be
used to express the enzyme activity [40]. Fig. 16(b)showed the rela-
tionship between HRP concentration and activity. It can be seen from
the figure that there was still a good linear relationship between HRP
concentration and activity: S = 0.14348C + 0.11555, R? = 0.99915.
Where S represents HRP activity and C is HRP concentration. Therefore,
this equation can be used to quantify the content of active enzyme by
measuring the slope of the reaction process curve corresponding to the
product to be tested.

Under different initial concentrations of HRP, the UV process of the
enzyme-catalyzed reaction of HRP adsorbed on PVDAT nanoparticles

3.54
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was tested, as shown in the Fig. 17(a). From the UV diagram, the slopes
of the enzyme protein from low to high concentrations were 1.0974,
2.4301, 2.9580, 3.0687, 2.9278, respectively. The slopes were taken
into the above obtained enzyme reaction process fitting equation to
obtain the concentration of active enzyme at each concentration. Then,
comparing the concentration of enzyme with the concentration of
adsorbed enzyme can get the proportion of active enzyme under
different initial concentration of HRP. As shown in Fig. 17(b), the pro-
portion of active enzymes gradually decreased from 74.99 %, 61.32 %,
54.85 %, 51.33 % to 39.58 % as the concentration increased [41]. In
addition, under the premise that the surface structure of the enzyme
protein itself was relatively complex, after multiple interactions, the
system may become unstable and lead to a part of the enzyme confor-
mation change. This also explained why the adsorption capacity
increased sharply when the concentration was high to a certain level
during adsorption, because some of the adsorbed enzymes had lost their
activity, leading to multilayer adsorption. The results showed that
PVDAT nanoparticles had an obvious adsorption effect on the lower
concentration of HRP. Although the adsorption capacity was small at
low concentrations, it is more important that the enzyme protein was
stably adsorbed through hydrophobic and hydrogen bonding during the
adsorption process, and the natural conformation and biological activity
of the enzyme were basically not affected. This has laid a certain foun-
dation for the application of PVDAT nanoparticles in the field of bio-
sensors and as a solid-phase carrier for protein MIP.

18] (b)

$=0.14348C+0.11555
R?*=0.99915

Slope(/min)
e o o
= o0 (-]

o
[
L

0 2 4 6 8 10
Concentration (pg/mL)

Fig. 16. HRP reaction process curve: (a) UV absorption and (b) fitting curve.
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Fig. 17. Enzyme reaction process diagram adsorbed on PVDAT nanoparticles under different HRP concentrations: (a) UV absorption and (b) active enzyme

ratio diagram.
4. Conclusions

Hydrogen bonding dominated adsorption of proteins with high
directionality and stability in aqueous media. However, a challenge
exists in aqueous media because water molecules are an effective
competitor which could weaken or even destroy the H-bonding between
the proteins and functional polymers. Hydrophobic property of 2-vinyl-
4,6-diamino-1,3,5-triazine (VDAT) polymer nanoparticles (PVDAT)
could built stable hydrophobic hydrogen bonding with protein to pro-
duce adsorption in aqueous environments. An innovative semi-
continuous precipitation polymerization was used to synthesize
PVDAT nanoparticles with different size (120 nm, 150 nm and 240 nm).
VDAT oligomers formed at the early polymerization stage, and then
precipitated from the aqueous phase to form nuclei which then grew by
adsorbing more and more VDAT oligomers/polymers. A maximum
adsorption capacity achieved 13.80 mg/g of HRP which accorded with a
Langmuir monolayer adsorption. Specially, the ELISA analysis indicated
that up to 74.99 % of the HRP adsorbed by PVDAT were biocatalytic
active. The hydrophobic hydrogen bonding dominated adsorption of
protein might be used in enzyme biosensor, medical diagnostic assay
and sewage treatment.
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