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The self-assembled nanoparticles (SAN) formed during the decoction process of traditional Chinese
medicine (TCM) exhibit non-uniform particle sizes and a tendency for aggregation. Our group found that
the pH-driven method can improve the self-assembly phenomenon of Herpetospermum caudigerum Wall.,
and the SAN exhibited uniform particle size and demonstrated good stability. In this paper, we analyzed
the interactions between the main active compound, herpetrione (Her), and its main carrier, Herpetosper-
mum caudigerum Wall. polysaccharide (HCWP), along with their self-assembly mechanisms under differ-
ent pH values. The binding constants of Her and HCWP increase with rising pH, leading to the formation
of Her-HCWP SAN with a smaller particle size, higher zeta potential, and improved thermal stability.
While the contributions of hydrogen bonding and electrostatic attraction to the formation of Her-HCWP
SAN increase with rising pH, the hydrophobic force consistently plays a dominant role. This study en-
hances our scientific understanding of the self-assembly phenomenon of TCM improved by pH driven
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Decoction is an efficient form of drug delivery in traditional
Chinese medicine (TCM), embodying the holistic perspective of
TCM and the concept of syndrome differentiation and treatment.
The chemical constituents of TCM originate from diverse sources
and possess distinctive structures which are susceptible to molecu-
lar recognition during the decoction process, leading to the forma-
tion of self-assembled nanoparticles (SAN) through non-covalent
bonds, such as electrostatic attraction, van der Waals forces, -1
stacking, and hydrogen bonding [1-8]. The chemical composition
of SAN of TCM may involve proteins, polysaccharides, lipids, and
small molecule active ingredients [9-11]. litsuka et al. [12] deter-
mined the polysaccharide content in Astragalus decoction to be 78%
by liquid chromatography-mass spectrometry (LC/MS). Zhao et al.
[13] reported the polysaccharide content of SAN in Naoluo Xintong
decoction as 82.75%, with a protein content of 6.20%. Liang et al.
[1] isolated SAN from the co-decoction of Angelica sinensis and As-
tragalus membranaceus, identifying a total of 43 components, in-
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cluding saponins, flavonoids, amino acids, phthalides, organic acids,
and other constituents. The rich chemical composition of SAN of
TCM and its nanostructure hold promising potential for efficient
drug delivery.

It has been reported in the literature that SAN of TCM pro-
mote the absorption of active ingredients in the body and play
a crucial role in the efficacy of the decoction [14-16]. Wu et al.
[17] found that SAN in Coptis chinensis decoction had the ability
to regulate the tight junctions between intestinal epithelial cells,
improving berberine transport through active transport and endo-
cytosis. Wang et al. [18] discovered that SAN from the co-decoction
of Coptis chinensis and liquorice exhibited a stronger inhibition of
S. aureus proliferation and removal of S. aureus biofilm compared
to the Decoction and the non-SAN fraction. It can be seen that
SAN of TCM is also an important material basis for the efficacy of
medicine.

However, the particle size of the SAN obtained from the decoc-
tion of TCM is not uniform and is prone to aggregation, which,
in turn, affects the efficacy of the drug [10,19]. Our group dis-
covered that the self-assembly process of TCM can be improved
through the pH-driven method. In this approach, TCM is initially
decocted using a non-neutral solvent. Subsequently, upon adjusting

1001-8417/© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



Y. Zhu, X. Deng, Y. Wu et al.

the decoction to a neutral pH using a pH-adjusting agent, the pH-
driven formation of SAN of TCM exhibited uniform particle size
and demonstrated good stability.

Our group conducted a preliminary analysis of the formation
process of pH-driven SAN in TCM using Herpetospermum caudi-
gerum Wall. as a model drug. Given the complex composition of
TCM, analyzing the intermolecular forces among its chemical com-
ponents in detail can be challenging. To address this, we isolated
Herpetospermum caudigerum Wall. polysaccharide (HCWP), the pri-
mary carrier, and herpetrione (Her), the major active components
in SAN. Subsequently, we employed the pH-driven method to pre-
pare Her-HCWP SAN (Supporting information methods 2.1) and in-
vestigated the interaction between Her and HCWP under varying
pH conditions, examining its self-assembly mechanism at different
pH levels.

The impact of the Her and HCWP combination at different
pH values (9.5-11.5) on the average particle size, zeta poten-
tial, and morphology of Her-HCWP SAN was investigated. As de-
picted in Fig. 1, the average particle size of Her-HCWP SAN de-
creased with increasing pH. Simultaneously, the negative sur-
face charge of Her-HCWP SAN initially increased and then sta-
bilized. Notably, Her-HCWP SAN;;5 exhibited a zeta potential
of —53.584+3.69mV, significantly larger than that of Her-HCWP
SANg5 and Her-HCWP SANygq in absolute value. The heightened
surface charge of Her-HCWP SAN;;s fosters robust electrostatic
repulsion between nanoparticles, reducing aggregation and en-
hancing stability [20]. Fig. 2 shows the transmission electron mi-
croscope (TEM) images of Her-HCWP SAN formed under differ-
ent pH drives. The Her-HCWP SAN fabricated under high pH val-
ues exhibited a spherical-like structure with clear boundaries be-
tween particles, while the Her-HCWP SAN fabricated under low
pH driving exhibited agglomeration. As shown in Fig. 2E, Her-
HCWP SAN;;5 demonstrated minimal inter-particle adhesion and
no agglomeration. This observation implies that Her-HCWP SAN1; 5
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Fig. 1. (A) Schematic illustration of the formation of Her-HCWP SAN by pH-driven
method. (B) Chemical structure of Her. (C) The size distribution of Her-HCWP SAN.
Effects of different pH drives on (D) particle size, PDI and (E) zeta potential of Her-
HCWP SAN. *P < 0.05, ***P <0.001, ****P <0.0001 compared with the pH 11.5 group.
Results are shown as mean + standard deviation (SD) (n=3).
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Fig. 2. TEM images of Her-HCWP SAN. (A) Her-HCWP SANgs, (B) Her-HCWP
SANjg0, (C) Her-HCWP SANg5, (D) Her-HCWP SANy, (E) Her-HCWP SANy5.

exhibits superior stability, as supported by the zeta potential
results.

The intermolecular interactions between Her and HCWP dur-
ing the formation of Her-HCWP SAN were investigated using
ultraviolet-visible spectroscopy (UV-vis) and Fourier transform in-
frared spectroscopy (FTIR). As shown in Fig. 3A, the characteristic
absorption peaks of Her were at 202, 229, and 280 nm, and those
of HCWP were at 199 and 264 nm. After self-assembly, the absorp-
tion peak of HCWP at 264 nm disappeared, and the intensities of
the absorption peaks of Her at 229 and 280 nm decreased, suggest-
ing that intermolecular interactions between Her and HCWP oc-
curred under alkaline conditions [21]. Fig. 3B illustrates the char-
acteristic peaks of HCWP for amide [ (C=0 stretching vibration)
and amide II (N-H bending vibration and C-N stretching vibra-
tion) appeared at 1649 and 1544 cm~!, respectively. When com-
paring Her-HCWP SANg s, Her-HCWP SAN;qo, Her-HCWP SANqgs,
Her-HCWP SANy; o, and Her-HCWP SAN;; 5 with HCWP, the absorp-
tion peaks of amide II shifted from 1544 cm~! to 1551, 1554, 1554,
1555, 1555 cm~! with a reduction in intensity, indicating a po-
tential contribution from the electrostatic interaction between Her
and HCWP [22,23]. The absorption peak of Her at 3359 cm~! cor-
responds to the hydroxyl group’s telescopic vibration absorption.
However, the absorption peak of the Her-HCWP SAN shifted to
3311 cm™!, indicating the presence of hydrogen bonding interac-
tions during the formation of Her-HCWP SAN [24,25]. Addition-
ally, Her exhibits C-O stretching vibrational absorption peaks at
1271 and 1029 cm~! in aromatic and fatty ethers [26], respectively.
Both peaks shift to higher wave numbers after self-assembly. In
addition, the intensities of the C-H stretching vibrational absorp-
tion peaks in Her-HCWP SAN at 2936 and 2873 cm~! were sig-
nificantly reduced compared to those in physical mixtures (PM)
of Her-HCWP, indicating the presence of hydrophobic interactions
during the self-assembly process of Her and HCWP [27]. These
findings suggest that hydrogen bonding interactions, hydrophobic
forces, and electrostatic attraction are involved in the formation of
Her-HCWP SAN.

The thermal stability of Her, HCWP, PM of Her-HCWP and Her-
HCWP SAN was assessed through thermogravimetric and thermo-
gravimetric differential curves. As shown in Fig. 4A, the initial
weight loss of Her-HCWP SAN (40-115 °C) is attributed to the
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Fig. 3. Spectrograms of Her, HCWP, PM of Her-HCWP, Her-HCWP SANgs, Her-HCWP SAN;qo, Her-HCWP SAN;o5, Her-HCWP SAN;1, Her-HCWP SAN;;5. (A) The ultraviolet

and visible absorption spectroscopy. (B) The Fourier transform infrared spectroscopy.
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Fig. 4. Physicochemical properties of Her, HCWP, PM of Her-HCWP, Her-HCWP SANgs, Her-HCWP SAN;q9, Her-HCWP SAN;os, Her-HCWP SAN;;o, Her-HCWP SANyy5. (A)
Thermogravimetry analysis thermograms. (B) Derivative thermogravimetry curves. (C) Differential scanning calorimetry curves. (D) X-ray diffraction spectra.

evaporation of water. The subsequent weight loss (220-350 °C) is
more concentrated compared to the broader range observed in the
PM of Her-HCWP (160-420 °C), indicating intermolecular assem-
bly and rearrangement. Analysis of the thermogravimetric curves
reveals that, at 600 °C, the total weight loss of Her-HCWP SAN
is lower than that of Her and HCWP, indicating enhanced ther-
mal stability through self-assembly [28]. Specifically, at 600 °C,
Her-HCWP SANg s exhibited a 45% weight loss, while Her-HCWP
SAN;15 showed only 35%, indicating the higher thermal stability
achieved by preparing Her-HCWP SAN at high pH values.

The thermal analysis of Her, HCWP, PM of Her-HCWP, and Her-
HCWP SAN is depicted in Fig. 4C. The PM of Her-HCWP exhib-
ited an endothermic band in the temperature range of 70-150
°C, corresponding to the dehydration process. In comparison, the
band of adsorption associated with the dehydration process in Her-
HCWP SAN shifted to a lower temperature and was less endother-
mic. Additionally, the degradation heat absorption peak of HCWP
at 225 °C disappeared from the differential scanning calorimetry
(DSC) curves of Her-HCWP SAN, suggesting changes in water con-
tent and thermal stability following the self-assembly of Her with
HCWP [29]. Diffraction information of the crystals was obtained
using X-ray diffraction (XRD). As shown in Fig. 4D, both Her and
HCWP exhibit a broad diffraction peak at 26 =21.0°, indicating
their amorphous nature. After self-assembly, the 20 =21.0° diffrac-

tion peak in Her-HCWP SAN decreases or disappears, signifying an
enhanced amorphous property [30]. This improvement contributes
to increased drug solubility and oral bioavailability [31]. Addition-
ally, the diffraction peaks at 26 =28.2°, 40.3°, 50.0°, and 58.5° in
Her-HCWP SAN correspond to characteristic peaks of KCl, with dif-
ferences in peak intensity resulting from varying amounts of KCI
produced during acid-base neutralization at different pH values in
the preparation process [32].

From a thermodynamic perspective, the self-assembly process
needs to resist the reduction of free energy and negative entropy
components, which must be achieved by weak intermolecular in-
teraction forces [33,34]. To elucidate the forces that maintain the
nanostructures, we introduced various chemicals into Her-HCWP
SAN solutions prepared at different pH values to determine the
intra-particle interaction forces. Tris-glycine buffer disrupts elec-
trostatic interactions, sodium dodecyl sulfate (SDS) disrupts hy-
drophobic interactions, and urea acts as a hydrogen bond disrup-
tor [35]. As illustrated in Fig. 5, the particle sizes of Her-HCWP
SAN prepared at different pH values exhibited a significant increase
with the addition of SDS, underscoring the substantial impact of
hydrophobic interactions on Her-HCWP SAN at different pH values.
Notably, Her-HCWP SANj 5 displayed a smaller change in particle
size after the addition of SDS compared to other Her-HCWP SAN
groups, possibly indicating a weakened hydrophobic interaction
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Fig. 5. Effects of the presence of urea, Tris-glycine, and SDS on the particle size
of the Her-HCWP SAN prepared under different pH drives. (A) Her-HCWP SANgs,
(B) Her-HCWP SAN;q, (C) Her-HCWP SAN;gs, (D) Her-HCWP SANy;, (E) Her-HCWP
SANy15. *P<0.05, **P <0.01, ***P <0.001 compared with the water group. Results
are shown as mean + SD (n=3).

force between Her and HCWP at pH 11.5. Furthermore, the par-
ticle size of Her-HCWP SAN;; 5 increased significantly after the ad-
dition of urea, highlighting the substantial role of hydrogen bond-
ing in the formation of Her-HCWP SAN;q 5 at this stage. In contrast,
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Her-HCWP SANg 5, Her-HCWP SAN1q 9, Her-HCWP SANg 5, and Her-
HCWP SAN;;o showed no significant changes in particle size after
the addition of Tris-glycine buffer and urea. This indicates that hy-
drogen bonding and electrostatic attraction do not play a dominant
role in the binding of Her to HCWP within the pH range of 9.5-
11.0.

To further explore the binding behavior of Her and HCWP at
different pH values, the thermodynamic parameters of the inter-
action between Her and HCWP at 25 °C were determined using
the isothermal titration calorimetry (ITC) method. As can be seen
from Fig. 6, the heat flow is negative at all pH values, indicating
that the interaction between Her and HCWP is exothermic and be-
comes more exothermic with increasing pH values. Computer sim-
ulations of the microthermal titration data were carried out by
Nano ITC analysis software and the obtained thermodynamic pa-
rameters are summarized in Table 1. As observed in Table 1, AG
was less than 0 at different pH values, indicating that the binding
of Her to HCWP was spontaneous. AG was much lower than the
energy of covalent bond formation (about —95.56 kcal/mol), sug-
gesting that the binding of Her to HCWP occurs via non-covalent
bonds [35,36]. While AG decreases with increasing pH values, the
change is not significant. This phenomenon may be attributed to
the occurrence of an enthalpy-entropy compensation effect, where
a decrease in one factor is compensated by an increase in the other
factor [37-39]. AH < 0 and AS > 0 for Her binding to HCWP
suggests that the binding of the two molecules is driven by en-
thalpy and entropy. The AH of the system decreased with increas-
ing pH values, and the AH at pH 11.5 was 2.87 times higher than
the AH at pH 9.5, suggesting that the importance of electrostatic
attraction, hydrogen bonding, and van der Waals’ forces in the
binding of the two molecules increased with increasing pH [40].
However, the absolute value of —TAS is much larger than that of
AH at all pH values, indicating that AS, determined by hydropho-
bic interactions, plays a dominant role in the binding of the two
molecules [41,42]. Additionally, temperature and salt ion strength
play crucial roles in the self-assembly process of Her with HCWP.
The rise in temperature, coupled with an increase in salt ionic
strength, results in a decrease in the K; value of Her and HCWP,
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Fig. 6. Thermograms (top panels) and binding isotherms (bottom panels) corresponding to the titration of the Her (4.53 pmol/L) with HCWP (0.0625 pmol/L) in CAPS buffer
(20 mmol/L) at various pH levels, temperatures, and salt ionic strengths. 25 °C, 0 mmol/L NaCl, pH 9.5 (A), pH 10.0 (B), pH 10.5 (C), pH 11.0 (D), and pH 11.5 (E); pH 11.0,
0mmol/L NaCl, 15 °C (F), 35 °C (G), and 45 °C (H); pH 11.0, 25 °C, 20 mmol/L NaCl (I), 50 mmol/L NaCl (J), and 100 mmol/L NaCl (K).
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Table 1

Chinese Chemical Letters 36 (2025) 109733

Thermodynamic parameters (affinity constant (K, ), enthalpic contribution (AH), entropic contribution (TAS) and Gibbs free energy (AG)) of binding between Her and HCWP

upon pH, temperature, and salt ion strength.

pH Temp (°C) NaCl (mmol/L) K, x 10* (L/mol) AH (cal/mol) TAS (cal/mol) AG (cal/mol)
9.5 25 0 0.70+0.30 —314.1+47.7 4946.8 —5260.9
10.0 25 0 0.83+0.18 —507.7+57.8 4827.6 —5335.3
10.5 25 0 1.02+£0.22 —538.1+£53.6 4917.0 —5455.1
11.0 25 0 1.27+0.30 —575.6+58.6 5006.4 —5582
11.5 25 0 1.32+0.21 -901.5+52.4 4708.4 —5609.9
11.0 15 0 1.59+0.40 —247.9+20.97 5299.2 —5547.1
11.0 35 0 0.98 +£0.25 —794.0+129.3 4835.6 —5629.6
11.0 45 0 0.75+0.25 —804.3+156.8 4833.6 —-5637.9
11.0 25 20 0.69+0.32 —427.3+166.0 4797.8 —5225.1
11.0 25 50 0.51+£0.31 —463.7 +286.3 4589.2 -5052.9
11.0 25 100 0.35+0.14 —893.2+391.9 3933.6 —4826.8
thereby significantly influencing the morphology of Her-HCWP References

SAN [43].

In summary, we systematically investigated the interactions
of Her and HCWP and their self-assembly mechanisms at differ-
ent pH values through thermodynamic and multispectral analysis.
With increasing pH, the interaction force between Her and HCWP
strengthens, resulting in a stronger binding and the formation of
Her-HCWP SAN characterized by a smaller particle size, higher zeta
potential, more regular morphology, and improved thermal stabil-
ity. Her-HCWP SAN formation involved hydrogen bonding, elec-
trostatic attraction, and hydrophobic forces. The strengthening of
hydrogen bonding and electrostatic attraction with increasing pH
values is noteworthy. Importantly, the role of AS, influenced by
hydrophobic interactions, is crucial in governing the binding be-
tween the two molecules. At higher pH levels, the binding con-
stants of Her and HCWP increase, and the process becomes more
exothermic, significantly contributing to the stability of Her-HCWP
SAN. This study deepens our understanding of the interactions be-
tween small-molecule active ingredients and macromolecules in
TCM across various pH values. Moreover, it elucidates the scien-
tific principles of pH-driven enhancements in TCM self-assembly
phenomena. This study provides valuable insights for controlling
and improving the self-assembly phenomenon of TCM, facilitating
its application in the pharmaceutical industry.
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