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Abstract 
A kind of hydroxycamptothecin (HCPT) hybrid molecularly imprinted polymer (AT/MA-HMIPs) with high selectivity and 
hard silicon skeleton was successfully prepared based on double hybrid monomers. The relationship between templates 
and functional monomers was studied through computer molecular simulation and experiments. Three single-monomer 
molecularly imprinted polymers were prepared as controls. The Langmuir isotherm and pseudo-second-order kinetic models 
were found to fit well with the adsorption results. The maximum adsorption capacity was 18.79 mg/g, and equilibrium was 
reached within 20 min. Moreover, it shows excellent selectivity (imprinting factor is 10.73) and good recoverability (after 
10 adsorption-desorption cycles, the adsorption capacity only decreases by 7.75%) for HCPT. The purity of HCPT can reach 
80.86% after being put into a solid phase extraction column and used in an actual sample, and the yield was 61.43%. This 
study lays the fundament for the development of excellent HCPT molecularly imprinted composites.

Keywords Hydroxycamptothecin · Selective adsorption · Molecularly imprinted polymers · Molecular simulation · Solid 
phase extraction

Introduction

Camptotheca acuminate Decne (C. camptotheca), also 
known as dry lotus tree, is a deciduous tree of the blue-
berry family and Camptotheca species, widely distributed 
in southern China [1]. C. camptotheca has been widely 
concerned by researchers because of its unique active sub-
stances, with alkaloids being of particular interest [2, 3]. 
Hydroxycamptothecin (HCPT) is an alkaloid with strong 
anticancer properties and low toxicity, selectively acting on 
the S phase of the cell cycle, inhibiting topoisomerase I, and 
interfering with DNA replication [4]. HCPT is used clini-
cally to treat various cancers such as liver, stomach, lung, 
breast, and leukemia [5, 6]. The traditional extraction meth-
ods of HCPT in C. camptotheca mainly include decoction, 
percolation, reflux, Soxhlet extraction, ultrasonic extraction, 
and supercritical fluid extraction [1, 7]. Although they have 
some advantages, there are problems such as tedious steps, 
long extraction time, low extraction efficiency, large solvent 
consumption, and low purity. Therefore, a new and efficient 
extraction and purification technology is needed to better 
utilize medicinal plant resources.
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Molecular imprinting technology (MIT) can form molecu-
lar imprinted polymers (MIPs) [8, 9]. It has many advantages, 
including selectivity and thermal and chemical stability, mak-
ing it useful in various fields such as separation, medicine, 
and food [10, 11]. Hybrid molecularly imprinted polymers 
(HMIPs) are prepared by adding template molecules to rigid 
inorganic or inorganic-organic networks [12]. HMIPs are 
widely used in natural product separation, environmental 
monitoring, and food analysis due to their structural stiffness, 
thermal stability, large pores and specific surface area, and 
strong molecular recognition ability [13–15]. New hybrid 
functional monomers have been used in recent years to syn-
thesize HMIPs, providing a feasible method to improve the 
polymer’s mechanical strength, resistance to organic solvents, 
and permeability to the target [16, 17].

MIPs prepared from two or more functional monomers 
show better selectivity, stability, and adsorption capacity [18]. 
Because with the increase of functional monomer group diver-
sity and the increase of interaction types between template 
molecules and bifunctional monomers, the complementary 
and synergistic effects of different monomers on molecular 
recognition increase, the diversity of the types of imprinting 
sites in the MIPs structure is enhanced [19–21]. Molecular 
simulation can be used to deeply explore the structure and 
behavior of molecules, so as to predict the physical and chemi-
cal properties of the system. It avoids the waste of manpower 
and material resources caused by a large number of repeated 
experiments in the past and also reduces the use of inevita-
bly toxic reagents in chemical experiments as far as possible, 
which is more environmentally friendly [22–24].

In this work, computer molecular simulation was used 
to screen the most suitable functional monomers from nine 
different functional monomers. Dual hybrid monomers were 
used for the first time and were simulated using DFT. With 
HCPT as the template molecule, hybrid monomers AM-
TEOSPI and MAA-APTES serve as both functional mono-
mers; AT/MA-HMIPs were synthesized by surface imprint-
ing, and the structural characteristics, adsorption capacity, 
selectivity, and reusability of AT/MA-HMIPs. It was used 
as an adsorbent to fill the solid phase extraction column, 
and its extraction conditions were optimized. Finally, it was 
used for solid phase extraction of HCPT in C. camptotheca 
seed powder, allowing for the separation and enrichment 
of HCPT. This provides a new strategy for extracting and 
purifying HCPT in complex samples.

Experimental

Materials and characterization

The materials and characterization are noted in the Supple-
mentary information (Part S1).

Computer simulation of preferred functional 
monomers

The molecular models of the template molecule HCPT and 
the functional monomers MAA, acrylic acid (AA), AM, 
2-vinylpyridine (2-VP), 4-vinylpyridine (4-VP), methyl 
methacrylate (MMA), vinyl acetate (VA), MAA-APTES, 
and AM-TEOSPI were established by Gaussian view 6.0 
[25]. The geometric optimization, molecular electrostatic 
potential calculation, and natural population analysis (NPA) 
charge of the template molecule and the functional mono-
mers were carried out by Gaussian 16 at the B3LYP 6-31G 
(d) and B3LYP def2-TZVP calculation levels with DFT-D3 
dispersion correction [26, 27]. The spatial structure of the 
complex was optimized, and the binding energy was cal-
culated (Eq. (1)). Finally, the independent gradient model 
(IGM) and gradient isosurface analysis were performed by 
using Multiwfn v.3.8 and VMD v.l.9.3 to analyze the region, 
magnitude, and type of force involved in the weak interac-
tion in the system [28–30].

Ecomplex (KJ/mol) is the energy of the most stable concep-
tion formed between HCPT and the monomers; EHCPT (KJ/
mol) is the energy of HCPT; Emonomer (KJ/mol) is the energy 
of the monomers in the most stable conformation.

Synthesis of AT/MA‑HMIPs

The details of the preparation of MAA-APTES are described 
in the Supplementary information (Part S2) [31]. Prepara-
tion of AM-TEOSPI: Dissolve TEOSPI (2.5 mmol) in 
dichloromethane (10 mL), and stir at room temperature for 
30 min. Add acrylamide (2.5 mmol) to the solution. Stir the 
solution for another 2 h until it is fully dissolved, remove 
the solvent by rotary evaporation, and then place it at 60 °C 
for vacuum drying for 24 h. The product AM-TEOSPI was 
characterized by FTIR (Supplementary Fig. S1), 1H NMR 
(400 MHz, DMSO, 25 °C, TMS) (Supplementary Fig. S2), 
and MS. The quasi-molecular ion peak of AM-TEOSPI was 
([M+H]+) m/z = 341.15 (Supplementary Fig. S3).

Add HCPT (0.125 mmol), MAA-APTES (0.25 mmol), 
and AM-TEOSPI (0.25 mmol) into 30 mL methanol-chloro-
form (4:1, v/v), then ultrasonic treatment for 10 min and pre-
polymerization at 4 °C for 4 h. TEOS (0.4 mmol), EGDMA 
(5 mmol), and AIBN (60.0 mg) were added to the two solu-
tions respectively. Nitrogen was deoxidized for 10 min, and 
these mixtures were polymerized at 60 °C for 24 h. After 
polymerization, vacuum dry, grind, and sieve. The obtained 
polymer was washed with methanol-acetic acid (9:1, v/v) 
through Soxhlet extraction to remove the template until the 

(1)ΔE = Ecomplex − EHCPT −

∑

Emonomer
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template molecule could not be detected by HPLC. The ace-
tic acid residue was removed by washing with methanol and 
then dried in a vacuum at 60 °C for 24 h to obtain hybrid 
molecular imprinted polymers (AT/MA-HMIPs).

The synthesis process of AT/MA-HNIPs is the same as 
that of AT/MA-HMIPs, except that no template molecules 
are added, and MAA, MAA-APTES, and AM-TEOSPI were 
used as separate functional monomers to obtain imprinted 
polymers (MAA-MIPs, MA-HMIPs, and AT-HMIPs) and 
non-imprinted polymers (MAA-NIPs, MA-HNIPs, and AT-
HNIPs) as comparisons.

The adsorption test is detailed in Part S3 of the Supple-
mentary information.

Application of AT/MA‑HMIPs to adsorb HCPT in C. 
camptotheca

1.00 g of crushed C. camptotheca seed powder was added to 
a 100 mL triangular flask, followed by the addition of 40 mL 
of 70% ethanol. Ultrasonic extraction was performed at 40 
°C for 30 min. The filter cake was washed and filtered with 5 
mL 70% ethanol. The filtrate was diluted to 50 mL with 70% 
ethanol and shaken. Columns were packed and optimized 
according to Part S4 in the Supplementary information, and 
the target HCPT was then separated and purified from the 
C. camptotheca seed powder under optimized extraction 
conditions. The whole SPE procedure was also illustrated 
in Supplementary Fig. S4.

Results and discussion

Binding of template molecular and functional 
monomers

The structural optimization is described in the Supplemen-
tary information (Part S5). The nine functional monomers 
shown in Supplementary Fig. S6 all have reaction sites with 
hydrogen atoms on HCPT, but the values of negatively 
charged sites in MAA, AA, 2-VP, 4-VP, MMA, and VA 
that can form hydrogen bonds are small (−14.35, −15.83, 
−28.88, −36.78, −35.49, −31.90); the interaction with 
HCPT will be weak. The maximum point of the electrostatic 
potential of MAA, AA, and AM (+46.62, +47.02, +36.89) 
is close to its minimum point (−33.80, −33.07, −42.28), 
indicating that there is intra-molecular repulsion in the mol-
ecules near the maximum point, which is not conducive 
to the formation of hydrogen bonds. Both MAA-APTES 
and AM-TEOSPI have an ideal maximum (+40.94, +22.58, 
+22.50) and minimum sites (−40.05, −41.39, −41.45) and 
have the possibility of forming multiple hydrogen bonds 
with HCPT. Therefore, both of them can provide more 

active reaction sites and can be used as ideal functional 
monomers.

In the template molecule HCPT (Supplementary Fig. S7), 
the presence of carbonyl and tertiary amine nitrogen atoms 
in HCPT allows it to be located on both the highest occu-
pied molecular orbital (HOMO) and lowest unoccupied 
molecular orbital (LUMO), indicating that it can function 
as both an electron donor and acceptor. It can be known 
from Supplementary Table S1 that HCPT is the main elec-
tron donor and the MAA-APTES has a greater ability to 
accept electrons [32]. The electrophilicity index (ω) calcu-
lated value of HCPT is higher than that of MAA-APTES and 
AM-TEOSPI, indicating that HCPT has a stronger electron 
acceptance ability. In summary, HCPT is the main electron 
acceptor, while MAA-APTES and AM-TEOSPI are electron 
donors [33].

All hydrogen bond lengths are between the general O-H 
single bond and the van der Waals radius (Supplementary 
Fig. S8). From Supplementary Table S2, it can be seen that 
compared to other traditional functional monomers and 
single functional monomers, the complex of HCPT-MA-
AT has a lower binding energy (−46.315 kcal/mol) and a 
greater number of hydrogen bonds (14). The reason is that 
traditional functional monomers and single functional mono-
mers have fewer active sites, relatively weak activity, and 
generate fewer hydrogen bonds. However, AM-TEOPI and 
MAA-APTES have more reaction sites and complementary 
functional groups that bind to the template molecule HCPT, 
and the combination of the two has a better effect and can be 
used as an ideal functional monomer for HCPT molecularly 
imprinted polymers.

From Fig. 1A, it can be seen that there are dense gradient 
peaks at the negative position, with a high g value, indicating 
that the hydrogen bond interaction between HCPT and AM-
TEOSPI, MAA-APTES is stronger and the binding system 
of template molecules and functional monomers is stable 
[34]. At the same time, the gradient isosurface (s = 0.5 au) 
shown in Fig. 1B displays the location where the interaction 
occurs. The higher the blueness, the greater the dispersion 
attraction of the fragments and the stronger the dispersion 
attraction of the corresponding donor and recipient frag-
ments. It is not difficult to see that the hydrogen bond and 
van der Waals interactions between HCPT and AM-TEOSPI, 
MAA-APTES systems are stronger. In addition, the bond 
lengths of HCPT with AM-TEOSPI and MAA-APTES are 
1.77 Å and 1.80 Å, respectively. Strong hydrogen bonding 
can improve the adsorption performance of AT/MA-HMIPs.

As can be seen from Supplementary Fig. S9A, after 
adding AM-TEOSPI and MAA-APTES, the C=O stretch-
ing vibration of the HCPT moves from 1749.4 to 1734.2 
 cm−1, while the C=N stretching vibration moves from 
1654.9 to 1649.1  cm−1, indicating that HCPT interacts 
with the two hybrid monomers [35]. At the same time, in 
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the infrared spectrum of MAA-APTES, the wider peak 
formed in the 2980  cm−1 region is a stretching vibra-
tion peak of the enoic acid, and the absorption peak is 
significantly weakened after the interaction with HCPT, 
which is due to the association effect with HCPT. It can 
be explained that HCPT interacts with AM-TEOSPI and 
MAA-APTES.

As shown in Supplementary Fig. S9B, the maximum 
absorption wavelength slightly redshifted from 252.4 to 
254.0 nm with the increase of the concentration of double 
hybrid monomer. According to the structure of the template 
molecule and the functional monomer, it can be inferred that 
there may be a hydrogen bond interaction between them, 
which changes the electron cloud density of the large π bond 
and the electron cloud distribution of the molecule on the 
benzene ring of HCPT, resulting in changes in the ultra-
violet spectrum [34]. When the ratio of template and dual 
monomer is 1:6 and 1:8, the two hybrid functional mono-
mers may self-bind; when the ratio of template and dual 
monomer is 1:1 and 1:2, a large number of HCPT may bind 
to each other through intermolecular forces, thus compet-
ing with the dual hybrid functional monomers AM-TEOSPI 
and MAA-APTES, reducing the binding site and weakening 
the imprinting effect [36]. Therefore, in this experiment, the 
most suitable imprinting ratio between template molecules 
and dual-hybrid functional monomers (AM-TEOSPI and 
MAA-APTES) was 1:4.

Synthesis of AT/MA‑HMIPs

AM-TEOSPI and MAA-APTES have both the inorganic 
properties of silicon skeleton structure and the organic 
properties of AM and MAA (Supplementary Fig. S10). 
First, the double hybrid functional monomer reacts with 
the template molecule HCPT to form pre-polymerization 
(Fig. 2). MAA-APTES containing vinyl, silicate ester and 
acylamine groups, and siloxane functional monomer AM-
TEOSPI with double hydrogen bond donor groups can 
interact with C=O, C=N, and C-N of the template mol-
ecule HCPT, and then through hydrogen bond polymeriza-
tion, it is conducive to the selective capture of HCPT. The 
silicate ester in APTES generates silicon hydroxy, which 
is condensed with TEOS to generate a polymer skeleton so 
that the polymer has a more stable skeleton structure and 
can be more closely combined with template molecules 
[37]. Then, after the AIBN initiator was added, EGDMA 
was thermally induced by double bond-free radical polym-
erization, and HCPT and MAA were grafted onto the sili-
con skeleton to form a molecular imprinted layer supported 
by HCPT on the surface. The bifunctional monomers 
increase the binding sites of molecular imprinted mate-
rials, and the hard silicon skeleton structure effectively 
prevents the imprinted binding sites from being damaged, 
thus improving its adsorption capacity and reusability of 
HCPT. In order to remove HCPT, methanol-acetic acid 

A B

1.77 Å

1.80 Å

Fig. 1  Scatter diagram of the δg vs sign(λ2)ρ (A) and the gradient isosurfaces (B, s = 0.5 au) for the optimal complex
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(9:1, v/v) is used as the eluent. The acidic environment 
destroys the non-covalent force between the bifunctional 
monomer and HCPT, causing the release of the combined 
HCPT and resulting in a polymer with precisely arranged 
space holes and functional groups.

Characterizations

SEM‑EDS analysis

The morphologies of AT/MA-HMIPs and AT/MA-HNIPs 
are irregular aggregates with compact morphology 
(Fig. 3). It can be found from Fig. 3E and Supplemen-
tary Fig. S11 and Table S3 that Si elements derived from 
AM-TEOSPI and MAA-APTES monomers are evenly dis-
tributed in the resulting AT/MA-HMIPs; it can conclude 
that AM-TEOSPI and MAA-APTES monomers have been 
successfully formed and well applied to the synthesis of 
AT/MA-HMIPs.

FTIR analysis

It is observed from Fig. 4A that the amide I band (1655 
 cm−1), amide II band (1539  cm−1), and amide III band 

(1255  cm−1) correspond to the amide group in MAA-
APTES and AM-TEOSPI. In addition, the characteristic 
peaks around 1390  cm−1 and 1157  cm−1 correspond to the 
tensile vibration of C=C and Si-O-Si in MAA-APTES, 
respectively, and the peak at 1726  cm−1 can be attributed 
to the tensile vibration of C=O in EGDMA [38]. The peak 
value at 947  cm−1 reflects the symmetric tensile vibration 
of Si-O-C. The vibration peak value of Si-O appears at 
777  cm−1. The small vibration peak at about 2956  cm−1 
corresponds to the vibration of benzene ring C-H in AM-
TEOSPI [37]. In addition, the two peaks at 1655  cm−1 and 
1539  cm−1 can also be attributed to the vibration of C=O 
and N-H of AM-TEOSPI [39]. The appearance of small 
peaks may be due to the insufficient amount of functional 
monomers added in relation to the concentration of the 
polymer, and the infrared spectra of AT/MA-HNIPs and 
AT/MA-HMIPs are almost the same. It shows that the 
template molecule HCPT has been completely removed 
after elution, and the process of template molecule elution 
did not cause any changes in the composition of polymer 
functional groups [40]. Compared to AT/MA-HNIPs and 
AT/MA-HMIPs, the peaks of unwashed AT/MA-HMIPs 
at 1735  cm−1 and 1664  cm−1are relatively weak and 
show a slight red shift, which may be due to the inter-
action between HCPT and MAA-APTES, AM-TEOSPI, 

Fig. 2  Synthesis of AT/MA-HMIPs
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indicating that HCPT has been successfully imprinted [41]
[42]. The above results confirm that MAA-APTES, AM-
TEOSPI, AT/MA-HMIPs, and AT/MA-HNIPs have been 
successfully prepared.

TGA analysis

As shown in Fig. 4B, the pyrolysis weight loss of AT/MA-
HMIPs has four stages. In the first stage, the thermoweight 
loss of AT/MA-HMIPs is 0.55% in 40–120 °C. The weight 

A B

C D

200 nm

200 nm

C

E

N O Si20 µm

Fig. 3  SEM images of AT/MA-HMIPs: mag = 10,000× (A), mag = 20,000× (B); SEM images of AT/MA-HNIPs: mag = 10,000× (C), mag = 
20,000× (D); EDS mapping of C, N, O, and Si (E)
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loss of this part is mainly caused by the evaporation and loss 
of free water and bound water in the samples [43]. In the 
second stage, within the range of 120–270 °C, the curves 
of AT/MA-HMIPs tend to flatten out and there is basically 
no significant change in weight, which may be caused by 
the decomposition of small molecule polymers within this 
temperature range. In the third stage, the organic matter in 
the polymer undergoes a thermal decomposition reaction at 
270–480 °C, and the weight loss of AT/MA-HMIPs reached 
the maximum value (78.04%). The organic matter is basi-
cally volatilized completely, indicating that the surface of 
AT/MA-HMIPs is basically wrapped by imprinted groups 
[44]. At the same time, it also shows that the prepared 
polymer cannot withstand a temperature above 270 °C. In 
480–800 °C, the polymer basically decomposed completely.

MIP analysis

The mercury intrusion and extrusion curves of AT/MA-
HMIPs and AT/MA-HNIPs showed good consistency 
(Fig. 4C), which means that each pore of the sample can 
be in direct contact with mercury or through larger pores 
[45]. Most of the pore sizes of AT/MA-HMIPs and AT/
MA-HNIPs are mainly distributed between mesopores and 
macropores (Fig.  4D). Compared with AT/MA-HNIPs, 
the total pore volume, total pore area, and porosity of AT/
MA-HMIPs are smaller, while the average pore size is 
larger (Supplementary Table S4). The thicker molecularly 
imprinted layer on the surface of AT/MA-HMIPs, combined 
with repeated elution of template molecules, may have con-
tributed to the partial destruction of the pore structure.

A B

C D

Fig. 4  FTIR spectra of AM-TEOSPI, MAA-APTES, AT/MA-HMIPs, 
and AT/MA-HNIPs (A); TGA curves of AT/MA-HMIPs and AT/
MA-HNIPs (B); mercury extrusion/intrusion curves of AT/MA-

HMIPs and AT/MA-HNIPs (C); pore size distribution curve of AT/
MA-HMIPs and AT/MA-HNIPs (D)
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Adsorption tests

Effect of pH

AT/MA-HMIPs have the highest adsorption capacity for 
HCPT, and it is significantly higher at pH 2–7 than at pH 
8–10 (Fig. 5A). The decrease in adsorption capacity may be 
due to the dissociation of hydrogen bonds between template 
molecules and functional monomers under acidic condi-
tions, resulting in the destruction of binding between AT/
MA-HMIPs and HCPT [11]. When the pH value was 7, 
the maximum adsorption capacity was 15.58 ± 0.22 mg/g. 
The hydrogen bonding between HCPT and AT/MA-HMIPs 
is strong, which increases the adsorption capacity. When 
the pH value exceeds 8, the adsorption capacity is signifi-
cantly reduced, which may be due to the instability of HCPT 

sodium salt and easy oxidative decomposition. The increase 
in the number of hydroxide ions weakened the hydrogen 
bonds between HCPT and AT/MA-HMIPs, resulting in a 
decreased adsorption capacity of 3.47 ± 0.20 mg/g. Com-
pared with AT-HMIPs, MA-HMIPs, and MAA-MIPs, the 
higher adsorption capacity of AT/MA-HMIPs is attributed 
to the bifunctional hybrid monomer of the imprinted poly-
mer, which has more adsorption sites and can better adsorb 
HCPT. So, the appropriate pH value selected for experi-
ments was 7.

Adsorption isotherms

The results (Fig. 5B) show that AT/MA-HMIPs have bet-
ter affinity for HCPT, and their adsorption capacity contin-
ues to increase with the increase of concentration until the 

Fig. 5  Effect of pH on adsorption capacity (A); adsorption iso-
therm of AT/MA-HMIPs, AT-HMIPs, MA-HMIPs, and MAA-MIPs 
to HCPT (B); fitting curves of Langmuir and Freundlich models of 
HCPT on AT/MA-HMIPs, AT-HMIPs, MA-HMIPs, and MAA-MIPs 
(C); plot of lnKc versus 1/T on AT/MA-HMIPs, AT-HMIPs, MA-
HMIPs, and MAA-MIPs (D); Scatchard plots of AT/MA-HMIPs, 

AT-HMIPs, MA-HMIPs, and MAA-MIPs (E); Scatchard plots of AT/
MA-HNIPs, AT-HNIPs, MA-HNIPs, and MAA-MIPs (F); adsorp-
tion kinetic curve of HCPT (F); pseudo-first-order kinetic curves (G) 
and pseudo-second-order kinetic curves (H) of HCPT; fitting curve of 
intra-particle diffusion model for AT/MA-HMIPs, AT-HMIPs, MA-
HMIPs, and MAA-MIPs adsorption on HCPT (I)
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concentration is 0.10 mg/mL, reaching the saturation point, 
at which time the equilibrium adsorption capacity is 15.61 
± 0.17 mg/g. From Fig. 5C and Supplementary Table S5, 
we can see that the Langmuir model is more suitable for 
explaining its adsorption performance, and the adsorption of 
template molecule HCPT by AT/MA-HMIPs belongs to the 
chemical adsorption of the single molecular layer, indicating 
that the polymer surface is uniform, all adsorption sites are 
equivalent, and there is no interaction between the adsorbed 
molecular layers. Under certain conditions, a dynamic bal-
ance can be established between adsorption and desorption, 
and the probability of each molecule colliding with the solid 
surface to be adsorbed is certain [46].

The linear fitting of AT/MA-HMIPs is a straight line, 
indicating that they have a class of specific binding sites for 
HCPT (Fig. 5D). The  Qmax of AT/MA-HMIPs is larger than 
AT-HMIPs, MA-HMIPs, and MAA-MIPs (Supplementary 
Table S6), indicating that the three-dimensional imprinted 
cavities formed during the synthesis of AT/MA-HMIPs have 
higher affinity [47]. On the contrary, the Scatchard curve of 
AT/MA-HNIPs, AT-HNIPs, MA-HNIPs, and MAA-NIPs in 
Fig. 5E is nonlinear, because there is no specific binding site 
on them and belongs to non-specific adsorption.

Adsorption thermodynamics

The curve (Fig. 5F) obtained by plotting lnKc against 1/T 
has a good linear relationship. In addition, ΔH is negative 
(Supplementary Table S7), indicating that the adsorption of 
HCPT on the four polymers is an exothermic process [48]. 
The ΔS of AT/MA-HMIPs, AT-HMIPs, and MAA-MIPs is 
a negative value, which may be because the three recognize 
and adsorb HCPT through the imprinted cavity, and many 
HCPT molecules are adsorbed on the surface of polymer and 
enter the imprinted cavity, thus restricting the movement of 
HCPT in the imprinted cavity, reducing the degree of free-
dom, thus reducing the confusion of the whole recognition 
and adsorption system, and vice versa [49]. ΔG is negative, 
indicating that the adsorption of HCPT from solution to the 
surface of AT/MA-HMIPs, AT-HMIPs, MA-HMIPs, and 
MAA-MIPs is spontaneous, and the value of ΔG increased 
with higher temperature, which suggests that high tempera-
ture slowed the adsorption of HCPT on the polymer [50].

Adsorption kinetics

With the increase in adsorption time, the adsorption capac-
ity of the four polymers on HCPT gradually increased and 
reached adsorption equilibrium at 20 min, 30 min, and 
80 min, respectively (Fig. 5G). The AT/MA-HMIPs have 
a faster adsorption rate for HCPT, which may be due to 
the double hybrid monomer and sufficient imprinted cav-
ity on its surface. In addition, with the further increase of 

adsorption time, the adsorption capacity of AT/MA-HMIPs 
did not fluctuate greatly, indicating that the silicon skeleton 
provided good support for it, so it had a more stable bind-
ing force.

As shown in Fig. 5H and Supplementary Table S8, the 
pseudo-second-order kinetic model is more suitable for 
explaining their dynamic adsorption behavior. The bind-
ing force between HCPT and polymer mainly depends on 
the hydrogen bond, hydrophobic interaction, and other 
forces formed between them, and more on the chemical 
adsorption process.

The adsorption processes of the four polymers are multi-
linear (Fig. 5I) because adsorption is controlled in many ways. 
There are two stages in the diffusion process of HCPT to AT/
MA-HMIPs, AT-HMIPs, MA-HMIPs, and MAA-MIPs. In the 
first stage of rapid diffusion, a large number of HCPTs are rap-
idly adsorbed on the surfaces of AT/MA-HMIPs, AT-HMIPs, 
MA-HMIPs, and MAA-MIPs. When the adsorption sites on 
the surfaces are saturated, they begin to diffuse into the pores 
of the polymer and are adsorbed on the inner surface. The 
concentration of HCPT molecules decreases, and the adsorp-
tion of active sites on the inner surface of the polymer reaches 
a basic equilibrium, which is the second adsorption stage. The 
diffusion rate K3b of HCPT decreases due to the resistance 
when HCPT diffuses into polymer pores in this stage. External 
and boundary diffusion processes may have also influenced 
the adsorption process, as evidenced by the non-zero intercept 
of the fitting curve [51, 52].

Adsorption selectivity

As shown in Fig. 6A and Supplementary Table S9, the adsorp-
tion capacity of AT/MA-HMIPs for HCPT (15.77 ± 0.24 mg/g) 
was significantly higher than that of CPT (2.31 ± 0.09 mg/g) 
and MCPT (2.03 ± 0.19 mg/g). It was about 6.83 and 7.77 times 
that of CPT and MCPT, respectively. AT/MA-HMIPs showed 
higher binding specificity to HCPT, and the results of imprinting 
factor α (10.73) also confirmed this (Supplementary Table S9). 
The high specificity of HCPT adsorption can be attributed to the 
presence of multiple imprinting recognition sites and hydrogen 
bonds on the surface of AT/MA-HMIPs. There was no signifi-
cant difference in the adsorption of HCPT, CPT, and MCPT by 
MAA-MIPs, and the imprinting factor was only 2.43.

Method validation

When measuring a series of different concentrations of 
HCPT (Supplementary Table S10), a good linear relation-
ship was obtained within 5–150 μg/mL (R2 = 0.9988). 
When the signal-to-noise ratio (S/N) is 3 and 10, the LOD 
and LOQ are 0.339 μg/mL and 0.489 μg/mL, respectively. 
In the precision experiment, each concentration level was 
measured three times in parallel to obtain the peak area and 

Page 9 of 13    419Microchim Acta (2023) 190:419



1 3

calculate the intra-day precision; measure once a day for 
three consecutive days to obtain the peak area and calcu-
late the inter-day precision. The relative standard deviation 
(RSD) of both intra-day and inter-day measurements is less 
than 2.92%. Parallel experiments were conducted under opti-
mal conditions; the RSD of HCPT content was determined 
to be 2.61%, indicating that the method has both high preci-
sion and accuracy based on the experimental results.

Reusability

The adsorption capacity of AT/MA-HMIPs, AT-HMIPs, 
MA-HMIPs, and MAA-MIPs decreases as the number of 
cycles increases (Fig. 6B), which may be attributed to the 
destruction of imprinting sites on their surfaces and pore 

plugging resulting from repeated adsorption-desorption 
cycles. After the sixth cycle, MAA-MIPs showed a sig-
nificant reduction in adsorption capacity, as low as 0.88 ± 
0.13 mg/g, possibly due to their poor structural stability 
in organic solvents. However, the adsorption capacity of 
AT/MA-HMIPs to HCPT only decreased by 7.75% after 10 
adsorption-desorption cycles. The bifunctional monomers 
present on the surface of AT/MA-HMIPs serve as imprint-
ing sites and maintain the original structure of the mate-
rial due to their hard silicon skeleton, which helps reduce 
damage from external factors. Therefore, after 10 repeated 
adsorption and desorption cycles, AT/MA-HMIPs still 
maintain a high adsorption capacity (14.70 ± 0.31 mg/g) 
and recovery rate (92.25%) for HCPT, indicating that AT/
MA-HMIPs have good reusability.

A B C

Fig. 6  Adsorptive capacity of AT/MA-HMIPs, AT-HMIPs, MA-
HMIPs, and MAA-MIPs for HCPT, CPT, and MCPT and the chemi-
cal structure of HCPT, CPT, and MCPT (A); reusability of AT/MA-

HMIPs, AT-HMIPs, MA-HMIPs, and MAA-MIPs (B); stability of 
AT/MA-HMIPs, AT-HMIPs, MA-HMIPs, and MAA-MIPs (C)

Fig. 7  Chromatogram of the 
crude extract of C. campto-
theca seeds before adsorption 
using adsorbent (a); chroma-
togram of crude extract from 
C. camptotheca seeds after 
adsorption with adsorbent (b); 
chromatogram of the desorp-
tion solution after adsorption 
using AT/MA-HMIPs (c); 
chromatogram of the desorption 
solution after adsorption using 
AT-HMIPs (d); chromatogram 
of the desorption solution after 
adsorption using MA-HMIPs 
(e); chromatogram of desorp-
tion solution after adsorption 
using MAA-MIPs (f); after 
purification using an AT/MA-
HMIPs solid phase extraction 
column, the desorption solution 
chromatogram is obtained (g)
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Stability

The adsorption capacity of AT-HMIPs and MA-HMIPs 
remained relatively stable in the first 16 d, and then the down-
ward trend was more obvious (Fig. 6C). On the 16th day, the 
adsorption capacity of AT-HMIPs and MA-HMIPs to HCPT 
gradually decreased to 7.92 ± 0.35 mg/g and 7.65 ± 0.20 
mg/g, respectively. However, AT/MA-HMIPs have maintained 
a high adsorption capacity, indicating that AT/MA-HMIPs can 
maintain their own structure for a long time and have a stable 
adsorption capacity. The adsorption capacity and adsorption 
efficiency were reduced by 1.09 mg/g and 6.82%, separately.

SPE application of AT/MA‑HMIPs in crude extract 
of C. camptotheca seeds

Optimization of SPE procedures is described in Part S6 in 
the Supplementary information. As shown in Fig. 7, there 
are many impurity peaks in the solution before adsorption 
(curve a). After the HCPT is targeted and adsorbed with 
AT/MA-HMIPs, it can be observed that the peak of HCPT 
is significantly reduced, and the peak of other impurities is 
almost unchanged (curve b). The eluted HPLC chromato-
gram has a high HCPT peak and a small amount of impuri-
ties (curve c). In addition, the HCPT peaks after elution 
of AT-HMIPs, MA-HMIPs, and MAA-MIPs decreased in 
turn, and the adsorption effect was not as good as that of 
AT/MA-HMIPs. These results indicate that HCPT can be 
separated and purified more effectively by using AT/MA-
HMIPs. Curve g is the HPLC chromatogram after using the 
SPE column for extraction. It can be clearly seen that the 
chromatogram after using the SPE column is cleaner than 
that before using the SPE column, with almost no impurity 
peaks. This indicates that the purity of HCPT has been fur-
ther improved after using the SPE column. HPLC analysis 
at 254 nm detected a concentration of 5.76 mg/L of HCPT 
in the eluent. The eluent was dried by rotary evaporation and 
weighed, and the purity of HCPT was calculated as 80.86%; 
the yield was 61.43%. The excellent selectivity and affinity 

of AT/MA-HMIPs for HCPT demonstrate their potential 
for successful separation and purification of HCPT from C. 
camptotheca seeds.

Comparison of relevant adsorbents

The purity of the two macroporous resins for HCPT is much 
lower than that of AT/MA-HMIPs prepared in this study 
(Table 1). At the same dosage, the amount needed for the 
experiment was 60 and 10 times that of AT/MA-HMIPs, 
and the extraction and desorption process consumed large 
amounts of ethanol, which caused high costs. In addition, 
the AT/MA-HMIPs prepared in this study have a shorter 
enrichment time (0.33 h) compared to other MIPs and 
macroporous resins, as the double hybrid monomers make 
AT/MA-HMIPs more abundant in functional groups, and 
the application of surface imprinting can effectively avoid 
the phenomenon of binding site embedding and rapid mass 
transfer, indicating the potential of AT/MA-HMIPs in effi-
cient enrichment of HCPT [53]. Compared with the other 
three MIPs prepared in this test, AT/MA-HMIPs have a 
higher imprinting factor (10.73), which means that the tar-
geted adsorption of HCPT is superior and more effective. 
The large imprinting factor values of AT/MA-HMIPs indi-
cate that double hybrid monomer molecularly imprinted 
materials have enormous extraction and purification 
potential, and this high selectivity has broad development 
prospects in this field [54]. Therefore, the obtained AT/
MA-HMIPs are expected to serve as efficient adsorbents 
for selective separation and determination of HCPT from 
complex matrices.

Conclusions

With the assistance of computer molecular simulation, 
this study synthesized HCPT MIPs with excellent adsorp-
tion capacity, reusability, stability, and selectivity using 
hybrid monomers MAA-APTES and AM-TEOSPI as dual 

Table 1  Comparison with previously reported other adsorbents for HCPT adsorption capacity

Adsorbents Usage 
amount 
(mg)

Volume (mL) Equilib-
rium time 
(h)

Adsorption 
capacity 
(mg/g)

Desorption agent Imprinting factor Purity (%)

AT/MA-HMIPs 5.0 10 0.33 15.77 ± 0.24 Methanol-acetic acid (9:1) 10.73 80.86
AT-HMIPs 5.0 10 0.5 8.97 ± 0.19 Methanol-acetic acid (9:1) 5.64 40.22
MA-HMIPs 5.0 10 0.5 8.01 ± 0.33 Methanol-acetic acid (9:1) 5.38 38.25
MAA-MIPs 5.0 10 1.33 2.58 ± 0.16 Methanol-acetic acid (9:1) 2.43 29.63
CMC/GO@MIPs [11] 5.0 10 0.5 57.56 Methanol-acetic acid (9:1) 2.60 50.94
Macroporous resin (AB-8) [55] 3000 100 7 14.37 Ethanol (70%) - 21.00
Macroporous resin (X-5) [56] 500 100 4 16.50 Ethanol (70%) - 7.19
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monomers and successfully separated and enriched HCPT 
in C. camptotheca. This study not only provides new ideas 
for the designability and selectivity of hybrid monomers in 
molecular imprinting synthesis but also has broad applica-
tion prospects in the effective separation of bioactive com-
pounds in natural plants, food, or pharmaceutical indus-
tries. Although the adsorption capacity of AT/MA-HMIPs 
is not high enough, it is worth noting that AT/MA-HMIPs 
have advantages such as high purity and short equilibrium 
time. In addition, the recent research trend is to improve its 
performance by adding some metal skeleton materials or 
additional functional groups, which may further enhance its 
adsorption capacity.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00604- 023- 05997-4.
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