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Formation of polyphenol-based nanoparticles in dried 
hawthorn with enhanced cellular in vitro absorption over 
free polyphenols

Abstract

Plant-derived nanoparticles are gaining attention for enhancing the delivery and bioavailability of bioactive 

compounds, though the mechanisms remain unclear. This study aims to investigate dried hawthorn-derived 

nanoparticles (DHNPs), focusing on their composition, molecular interactions and impact on polyphenol 

absorption. The results showed that DHNPs, averaging 275.7  nm, were primarily composed of 

polysaccharides and high content of polyphenolic compounds (~25 %), with covalent and non-covalent 

interactions forming between them. Saponification increased the polyphenol release, and metabolomics 

identified 252 polyphenolic compounds, with 195 showing a relative increase post-treatment, including 

caffeic acid and (‐−)-catechin. An in vitro intestinal absorption test using Caco-2 cell monolayer model 

demonstrated that DHNPs-bound polyphenols exhibited significantly higher permeability (27.90  %) 

compared to free polyphenols (12.38 %), indicating that endocytosis may serve as a potential pathway 

through which DHNPs enhance polyphenol absorption. This study provides new insights into the role of 

plant-derived nanoparticles contributing to bioactive compound delivery and bioavailability.

Data availability

Data will be made available on requestThe authors declare that the data supporting the results of this study are available 

within the article.
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In the post-pandemic era, there has been a surge in global demand for functional foods, as they not only provide 

nutrition but also promote health, becoming a key means of supporting well-being. Consequently, the “Food First 

Strategy”—which advocates for nutritional interventions before pharmaceutical treatments—has gained increasing 

support, revealing the crucial role of food in health management [1]. China’'s concept of “medicine and food 

homology” [2] is a quintessential representation of the “Food First Strategy”. This time-tested traditional concept 

emphasizes that food and medicine share similar therapeutic properties. A notable example is hawthorn (Crataegus 

spp.), which is highly valued for its dual role as both food and medicine [3]. This sweet and tangy berry is processed 

into a variety of tasty foods, and when dried, its medicinal properties emerge [4], demonstrating clinical effects such as 

regulating blood lipids, improving gastrointestinal function, and providing anti-inflammatory benefits [5,6]. These 

therapeutic outcomes are generally attributed to the high content of polyphenolic compounds in hawthorn, particularly 

compounds such as chlorogenic acid, caffeic acid, and quercetin. Despite increasing evidence supporting the health 

benefits of polyphenols, their low bioavailability in free form makes it difficult to fully account for the overall efficacy 

of hawthorn. Although thermal drying is essential in traditional processing, it may degrade heat-sensitive polyphenols, 

presenting a paradox with the preserved or even enhanced efficacy of dried hawthorn. Yet, the underlying molecular 

mechanisms remain unexplored.

Polyphenols in real foods or herbal medicines rarely exist in isolation. Beyond their inherent ability to self-assemble—

for instance, the multiple hydroxyl groups and benzene rings in polyphenols can lead to micro- and nanoscale structures 

through π–π stacking and hydrogen bonding—polyphenols also interact with complex food or herb matrices, which 

can influence their bioavailability and effectiveness [7]. However, the specifics of these interactions and their effects on 

bioavailability and biological activity have yet to be systematically investigated.

Recent studies show that polyphenols can interact with biomacromolecules via covalent or non-covalent bonds, which 

alters their chemical structure, bioavailability, and biological effects [8–10]. In certain purified polyphenol models, non-

covalent interactions between dietary fibers and polyphenols—such as procyanidin B2, phlorizin, and epicatechin—

were found to significantly influence polyphenol bioaccessibility and bioavailability, thereby affecting intestinal 

metabolism [11]. Additionally, hawthorn polyphenol-chitosan nanoparticles showed an improved thermal stability and 

cellular compatibility compared to free-form hawthorn polyphenols [12].

These effects are seen not only in purified systems but also in real food matrices, where polyphenol-macromolecule 

interactions become even more complex. Such interactions are influenced by food or herbal processing factors, like 

high temperatures, optimal pH, and enzymatic reactions, which can accelerate polyphenol binding to biomacromolecule 

[8,13]. For example, during coffee bean roasting and brewing, carbohydrates and proteins form melanoidin (Maillard 

reaction products) that bind to polyphenols through covalent bonds, such as ester linkages and glycosylation, resulting 

in most polyphenols in coffee being bound [14,15]. Similarly, in Mediterranean cuisine, when wine—renowned for its 

health benefits due to resveratrol in its free form—is commonly cooked with clams, protein-polysaccharide 

nanoparticles are formed. These nanoparticles non-covalently bind to resveratrol, thereby enhancing its stability, 

enabling controlled release, and improving its bioavailability [16].

Similar cases have also been observed in East Asia. Bioactive compounds in fresh herbs are often encapsulated within 

cell membranes, making them difficult to absorb directly. To solve the issues, traditional Chinese medicine has 

developed various processing and decoction protocols over thousands of years, allowing these compounds to undergo 

physicochemical reactions with water or other components during boiling. These reactions yield abundant micro/nano-

structures [17] that improve stability, potency, immunity, and reduce toxicity [18]. For instance, rice vinegar contains 

nanoparticles with biomacromolecules as skeleton, effectively loading polyphenols produced during fermentation, 

scavenging free radicals in mucosal immune cells, and maintaining cellular redox balance [19].

Building on these precedents, this study proposes the core hypothesis that naturally occurring polyphenol-based 

nanoparticles exist in dried hawthorn, primarily composed of polysaccharides, which interact with polyphenolic 

compounds, thereby influencing their stability, release properties, and bioavailability. To validate the hypothesis, dried 

hawthorn-derived nanoparticles (DHNPs) were isolated and characterized to determine particle size and composition. 

The linkages between polysaccharides and polyphenols were analyzed using ester bond hydrolysis and mass 

spectrometry, elucidating their role as natural nano-delivery systems. Saponification and metabolomics (both targeted 

and non-targeted) were employed to profile and quantify polyphenolic compounds before and after treatment. X-ray 

diffraction (XRD) and in vitro simulated release assays were employed to assess the crystallinity and release kinetics of 

polyphenols in DHNPs. Additionally, a Caco-2 cell monolayer model was established to compare the permeability of 

free polyphenols and DHNP-bound polyphenols, while endocytosis inhibitors were applied to evaluate the absorption 

mechanism.

2.2 Materials and methods

2.1.2.1 Materials



All reagents used were of analytical or chromatographic grade. Unless otherwise specified, chemicals were purchased 

from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Specifically, caffeic acid, chlorogenic acid, 

hyperoside, morin, trans ferulic acid, and (‐−)-catechin were all of chromatographic grade, along with bovine serum 

albumin (BSA), water-soluble vitamin E (Trolox), 2,2’′-azobis(2-methylpropionamidine) dihydrochloride (AAPH), 

1,1-diphenyl-2-picrylhydrazyl (DPPH), sodium fluorescein, L-glutamine, wortmannin, dimethyl sulfoxide (DMSO), 

and trypsin were purchased from Sigma-Aldrich Co. Ltd. (Shanghai, China). DMEM medium, fetal bovine serum 

(FBS), penicillin-streptomycin solution, and Hank’'s balanced salt solution (HBSS) were obtained from Thermo Fisher 

Scientific (USA). Ultrapure water was prepared using a Milli-Q water purification system. The MTT cell proliferation 

assay kit was purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).

2.2.2.2 Preparation of dried hawthorn

The hawthorn fruits were provided by Fujian Hongguobao Health Industry Co., Ltd. and met the standards of the 

Pharmacopoeia of the People's Republic of China (2020 edition). Fresh hawthorn fruits were washed, sliced into 

0.3 cm pieces, and dried in an oven (DHG-9240A A, Zhongke Boda Instrument Technology Co., China, Beijing) at 

60 °C the moisture content reached 0.12 ± 0.02 g H₂O/g dry weight. The slices were then dried at 180–220 °C for 15  

minutesmin until the surfaces turned dark brown and the interiors became yellow-brown [4,20]. After cooling, the 

slices were ground into a powder and sieved through a 100-mesh screen.

Dried hawthorn powder (55 g) was mixed with 1 L of deionized water and extracted in a water bath at 100 °C for 

30 min with constant stirring. After cooling, the mixture was filtered through gauze and centrifuged at 5000 g g, 25 °C 

for 30   minutesmin to remove insoluble residues. The supernatant was collected, freeze-dried to obtain the dried 

hawthorn extract powder, and stored at ‐−20 °C for future use.

2.3.2.3 Isolation of nanoparticles from dried hawthorn

2.0 g of dried hawthorn extract powder was dissolved in deionized water (1:10, w/v), mixed, and centrifuged at 5000 g 

g, 4 °C for 15   minutesmin. The supernatant was filtered using an ultrafiltration centrifuge tube (15  mL, MWCO: 

100 kDa, Millipore, USA) at 5000 g, 25 °C. After each ultrafiltration, the retentate was restored to its original volume 

and the process was repeated three times. The final retentate was collected as dried hawthorn nanoparticles (DHNPs) 

and stored at ‐−20 °C for future analysis.

2.4.2.4 Characteristics of dried hawthorn nanoparticles of DHNPs

The average size, ζ-potential, and polydispersity index (PDI) of DHNPs were measured using the Zetasizer Nano ZS90 

(Malvern Instruments Ltd., Worcestershire, UK). A viscosity of 0.8872 and refractive index (RI) of 1.330 were used in 

the measurement and analysis. The morphology of DHNPs was observed using transmission electron microscopy 

(TEM, Hitachi 7650, Tokyo, Japan).

2.5.2.5 Composition analysis of DHNPs

2.5.1 Total soluble solid.

The total soluble solid content of DHNPs was determined using a freeze-drying method. The DHNPs were freeze-

dried in a freeze dryer (VCP63MV, CHRIST, Germany), and their weight was accurately measured after drying.

[Instruction: 2.5.2]2.5.1.2.5.1 Total protein content

The protein content of DHNPs was measured using the Coomassie Brilliant Blue method [21]. Briefly, Coomassie 

Brilliant Blue was dissolved in 95 % ethanol, mixed with 85 % phosphoric acid, diluted and filtered for use. A 100 μL 

sample or bovine serum albumin (BSA) was added to the reagent and incubated for 2‐–5  minutesmin. The absorbance 

at 595 nm was measured using a UV‐–Vis spectrophotometer (U-5100, Shimadzu, Japan).

[Instruction: 2.5.3]2.5.2.2.5.2 Reducing sugar content

The reducing sugar content in DHNPs was measured using the DNS reagent [22]. DNS reagent was prepared by 

dissolving DNS in a solution of potassium sodium tartrate, phenol, and anhydrous sodium sulfate, followed by the 

addition 2 mol/L NaOH and heating at 60 °C until fully dissolved. A 1 mL of glucose or sample solution was mixed 

with 750 μL DNS reagent, boiled for 5  minutesmin for color development. After cooling with flowing water, 1.5 mL 

of distilled water was added, mixed, and the absorbance at 540 nm was measured.

[Instruction: 2.5.4]2.5.3.2.5.3 Total carbohydrate content

The total carbohydrate content in DHNPs was measured using the anthrone colorimetric method [23]. Anthrone was 

dissolved in 80 % H2SO4, and under an ice-water bath, 2 mL of the reagent was added to the glucose standard solution 

or sample, mixed well, and reacted in a water bath at 100 °C for 10  minutesmin. After rapid cooling in an ice-water 

bath, the absorbance was measured at 620 nm.
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[Instruction: 2.5.5]2.5.4.2.5.4 Free amino acid analysis

The free amino acid content in DHNPs was determined using the ninhydrin color reaction method [24]. Using glutamic 

acid as the standard, 1 mL of the standard or sample solution was added to a colorimetric tube, along with 0.5 mL of 

PBS solution at pH 8.0 and 0.5 mL of 2 % ninhydrin solution. The mixture was heated in a boiling water bath for 15  

minutesmin, cooled, and then diluted to a volume of 25  mL with water. After standing for 10   minutesmin, the 

absorbance was measured at 570 nm.

[Instruction: 2.5.6]2.5.5.2.5.5 Melanoidin content

Melanoidin was extracted from DHNPs using the Sevag method [25]. A 20 % (v/v) Sevag reagent was added, stirred 

for 30 min, and allowed to stand for 2 h. After centrifugation, the supernatant was dialyzed (1 kDa membrane, 48 h) 

and ultrafiltered (>10 kDa), followed by lyophilization. Quantification was based on a glucose–glycine model system [

26]. Briefly, 0.05 mol glucose and glycine were dissolved in 100 mL water, freeze-dried, and heated at 125 °C for 2 h. 

The resulting powder (5 g) was redissolved, stirred at 4 °C for 12 h, filtered, and freeze-dried to obtain the melanoidin 

standard. A standard curve (5–100 mg/L) was prepared, and absorbance was measured at 345 nm using a UV‐–Vis 

spectrophotometer (U-5100, Shimadzu, Japan).

2.6.2.6 Analysis of DHNPs-PC

2.6.1.2.6.1 Extraction of pectin from DHNPs

Pectin extraction was modified from Bu et al. [27]. DHNPs were mixed with deionized water (1:10, w/v) and stirred at 

90 °C for 4 h. After centrifugation (5000 rpm, 20 min), the supernatant was collected, and twice the volume of 95 % 

ethanol was added while stirring. The mixture was kept at 4  °C for 12  h to precipitate pectin, which was then 

centrifuged and washed twice with 95 % ethanol. The pellet was dissolved in a 0.1 mol/L Na2CO3/NaHCO3 buffer 

(pH 7.5) and incubated at 30 °C. The pH was adjusted to 10.0 and maintained for 30  minutesmin to remove bound 

polyphenols. Subsequently, the pH was adjusted to 3.5, and DHNPs-pectin was precipitated with 95  % ethanol, 

washed twice, freeze-dried and collected as DHNPs-PC.

2.6.2.2.6.2 Monosaccharide composition of DHNPs-PC

The monosaccharide composition of DHNPs-PC was determined by strong acid hydrolysis combined with PMP (1-

phenyl-3-methyl-5-pyrazolone) derivatization [28]. DHNPs-PC (5  mg/mL) was hydrolyzed with 4  mol/L TFA at 

110 °C for 2 h, then dried with methanol under nitrogen at 70 °C. The residue was dissolved in 0.3 mol/L NaOH. For 

derivatization, 400 μL of sample or standard was mixed with 400 μL PMP-methanol and reacted at 70 °C for 2 h, 

neutralized with HCl, extracted with chloroform, and filtered (0.45 μm). The aqueous phase was analyzed by HPLC 

(Agilent 1100, DAD). The relative contents of HG and RG-I domains in pectin were estimated using eq. (1) and (2) 

based on Bu et al.’'s method [27].

2.6.3.2.6.3 Molecular weight of DHNPs-PC

The molecular weight of DHNPs-PC was determined using gel permeation chromatography (GPC) equipped with a 

refractive index detector (Optilab T-rEX) and a multi-angle laser light scattering detector (DAWN HELEOS II) (Wyatt 

Technology, USA). Separation was performed on Ohpak SB-805 HQ and SB-803 HQ columns (300 × 8 mm, 45 °C) 

with an isocratic elution of 0.02 % NaN₃ and 0.1 M NaNO₃ at 0.6 mL/min for 75 min. DHNPs-PC solution (4 mg/mL) 

was filtered (0.45 μm) before 100 μL was injected for analysis.

2.6.4.2.6.4 Determination of methoxyl content

The methoxyl content of DHNPs-PC was determined by a titration method based on Rodsamran et al. [29]. Briefly, 

0.5 g of DHNPs-PC was dissolved in 100 mL of distilled water at 25 °C, stirred for 2  hoursh, then mixed with 1 g of 

sodium chloride and phenol red indicator. The solution was titrated with 0.1  M NaOH until neutralization, then 

combined with 25 mL of 0.25 M NaOH and left for 30  minutesmin. Subsequently, 25 mL of 0.25 M HCl was added, 

followed by titration with 0.1 M NaOH. The final NaOH concentration and titration volume were recorded, and the 

methoxyl content was calculated accordingly to the eq. (3).

(1)

(2)



2.7.2.7 Determination of total flavonoids

The flavonoid content in DHNPs was determined using the aluminum nitrate colorimetric method [30], with rutin as 

the standard. A 0.5 mL rutin ethanol solution or sample was mixed with 2 mL distilled water and 0.25 mL 5 % (w/v) 

NaNO2, then left at room temperature for 6  minutesmin. Next, 0.25 mL 5 % (w/v) Al (NO3)3 was added and left for 

another 5   minutesmin. Finally, 1.0  mL 20  % (w/v) NaOH and 5  mL distilled water were added, and after 15  

minutesmin, absorbance was measured at 510 nm.

2.8.2.8 Determination of total polyphenol content

To determine the total polyphenol content and assess bound polyphenols linked by ester bonds in DHNPs, an alkaline 

saponification treatment was performed [31]. DNHPs (750  μL) were mixed with 750  μL of a 2  mol/L NaOH 

containing 2 % (w/w) ascorbic acid and 20 mmol/L ethylenediaminetetraacetic acid (EDTA), incubated at 30 °C for 1  

hourh, then adjusted to pH ~1.0 with 5  mol/L HCl. After being stored at 4  °C for 2   hoursh, the mixture was 

centrifuged to remove the precipitate and pH was restored using 2 mol/L NaOH. The total polyphenol content of 

DHNPs before or post alkaline saponification treatment was measured using the Folin-Ciocalteu method [21], with 

gallic acid as the standard. A 1 mL of the standard or sample was mixed with 4 mL Folin-Ciocalteu reagent, left at 

room temperature for 3‐–5  minutesmin, then reacted with 10 % Na2CO3 for 120   minutesmin, the absorbance was 

measured at 765 nm.

2.9.2.9 Non-targeted metabolomics analysis of polyphenolic compounds

The method was adapted from Zhong et al. [32]. Briefly, 400 μL of pre- and post-saponified DHNPs (as described in 

2.98) were mixed with 1.2  mL of extraction solvent (1:1, methanol/ acetonitrile), vortexed for 30   secondss, and 

centrifuged at 12,000 rpm for 10  minutesmin at 4 °C. The supernatant was evaporated under vacuum and reconstituted 

in 300 μL of 70 % methanol, then centrifuged again. Finally, 250 μL of the supernatant was transferred to an injection 

vial for UPLC-QTOF-MS/MS analysis.

Non-targeted metabolomics analysis was performed using UPLC-QTOF-MS/MS. Separation was conducted on a 

Waters BEH C18 column (1.7 μm, 2.1 mm × 100 mm) at 40 °C, with a flow rate of 0.4 mL/min and an injection 

volume of 5 μL. The mobile phase consisted of A: 98 % H2O, 2 % ACN, 0.1 % FA; and B: 98 % ACN, 2 % H2O, 

0.1 % FA. A 1.5-minutemin equilibration time was inserted between every two injections. A 20-minutemin gradient 

elution method was applied, with the following gradient settings: 0–0.5 min, 5 % B; 0.5–16 min, linear increase from 

5 % B to 100 % B; 16–18.5 min, 100 % B; 18.5–18.6 min, linear decrease from 100 % B to 5 % B; 18.6–20 min, 5 % 

B. Throughout the analysis, samples were maintained in a 4 °C auto-sampler. Mass spectrometry was performed in 

MSE mode (50–1000 m/z) with capillary voltages of 3 kV (ESI+) and 2.5 kV (ESI-), ion source at 120 °C, desolvation 

at 500 °C, and gas flow at 800 L/h. Leucine-enkephalin was used for online mass calibration.

Raw data were acquired using Waters UNIFI software (v1.9) and subsequently processed with Waters Progenesis QI 

software (v3.0.3.0). Preprocessing included deconvolution, peak picking, alignment, normalization of peak areas, and 

noise filtering. Mass-to-charge ratio (m/z), retention time (RT), and peak area were extracted for each feature. 

Background signals were eliminated by comparison with blank samples, and a data matrix was generated. To ensure 

data quality, features with more than >80 % missing values across all samples were removed, as well as those with a 

coefficient of variation (CV) greater than >30  % in quality control (QC) samples. Compound identification was 

performed by matching MS/MS fragmentation spectra against multiple public databases, including Metlin (2019), 

NIST, NPASS, CMAUP, and Foodb-Plant. Matching criteria included precursor ion mass tolerance within 10 ppm, 

fragment ion tolerance within 20 ppm, and isotope similarity above 80 %. For databases that contain ion mobility 

information (e.g., Metlin), the collision cross section (CCS) difference was used as an auxiliary matching parameter, 

with a tolerance threshold of 5 %. Compounds with confident structural annotations were selected for further statistical 

analysis.

2.10.2.10 Targeted metabolomics analysis of polyphenolic compounds

Targeted metabolomics was used to quantify specific polyphenolic compounds in the DHNPs before and after 

saponification, including caffeic acid, chlorogenic acid, hyperoside, morin, trans-ferulic acid, and (‐−)-catechin. The 

system included a hybrid triple quadrupole linear ion trap mass spectrometer (API 4000 Q-TRAP, AB Sciex, USA) 

equipped with an ESI interface and a HPLC-20AD  CE system (Shimadzu, Kyoto, Japan). Sample preparation 

followed the procedure outlined in Section 2.109, with chromatographic and mass spectrometric parameters based on 

Yao et al. [33]. Briefly, quantification and separation of phenolic compounds were performed on a C18 Zorbax Eclipse 

Plus column (1.8 μm, 4.6 × 100 mm, Agilent, USA) at 40 °C. The mobile phases A and B consisted of deionized 

water containing 0.1 % (v/v) acetic acid and acetonitrile, respectively. The injection volume was 5 μL. The gradient 

(3)



elution program was as follows: 5 % B (0–2 min), 5 %–15 % B (2–4 min), 15 %–60 % B (4–10 min), 60 %–95 % B 

(10–15 min), 95 % B (15–16 min), 95 %–60 % B (16–18 min), and 60 %–5 % B (18–20 min), with a 2-minutemin re-

equilibration at 5 % B before the next injection. Ion source parameters were set as follows: ion source temperature at 

550  °C, ion spray voltage at 4.5  kV, curtain gas at 35  mL/min, nebulizer gas at 40  mL/min, and heater gas at 

45 mL/min. Both standard and sample analyses were performed in negative ion mode. Multiple reaction monitoring 

(MRM) scanning mode was utilized for the analysis of targeted compounds.

2.11.2.11 X-ray diffraction (XRD)

Following the method of a previous study [34], X-ray diffraction analysis of the samples was performed using a Rigaku 

MiniFlex 600 X-ray diffractometer (Rigaku Ltd., Tokyo, Japan) to assess their crystalline state. The samples were 

continuously scanned at a rate of 5°/min within the 2θ range of 5–60° at room temperature.

2.12.2.12 Antioxidant activity

The antioxidant capacity of the particles was determined using the following methods: Ferric reducing antioxidant 

power (FRAP), ABTS radical scavenging capacity, DPPH radical scavenging capacity, and Oxygen radical 

absorbance capacity (ORAC).

2.12.1.2.12.1 FRAP assay

The FRAP assay was performed with slight modifications based on a previous study [35]. A 200 μL working solution 

was preheated to 37 °C in a 96-well plate, followed by the addition of 20 μL of the diluted sample. After 4  minutesmin 

at room temperature, absorbance at 593 nm was recorded using a microplate reader (FlexStation 3, Molecular Devices, 

USA). Results were expressed as mmol of Fe2+ equivalents/g dry weight (mmol Fe2+/g DW).

2.12.2.2.12.2 ABTS assay

The ABTS assay followed a modified method from a previous study [36]. A 200 μL ABTS working solution was 

added to a 96-well plate, followed by 10 μL of Trolox standard or sample solution. After 6  minutesmin at 30 °C in the 

dark, the absorbance at 734 nm was recorded. rResults were expressed as mmol of Trolox equivalents/g dry weight 

(mmol TE/g DW).

2.12.3.2.12.3 DPPH assay

The DPPH assay was performed with minor modifications based on Dong et al. [37]. A 100 μL Trolox standard or 

sample solution was mixed with 100 μL of DPPH ethanol solution in a 96-well plate. After 30  minutesmin in the dark 

at room temperature, absorbance at 517 nm was recorded. Results were expressed as mmol Trolox equivalents/g dry 

weight (mmol TE/g DW).

2.12.4.2.12.4 ORAC assay

The ORAC assay was performed in a pH 7.4 PBS system, using a modified method [38]. In a black 96-well plate, 

25 μL of Trolox standard solution or sample solution was mixed with 150 μL of fluorescein solution and incubated 

37 °C for 10  minutesmin. After 25 μL of AAPH solution, fluorescence intensity was recorded every 4  minutesmin for 

40 cycles (excitation: 485 ± 20 nm, emission: 530 ± 20 nm) until baseline. Results were expressed as mmol Trolox 

equivalents/g dry weight (mmol TE/g DW).

2.13.2.13 In vitro simulated release

The release characteristics of polyphenols in DHNPs were studied using the membrane dialysis method [16]. Caffeic 

acid was used as a standard control, with its concentration corresponding to the total polyphenol concentration in 

DHNPs (1.89 ± 0.11 mg/mL). An 8 mL solution of the standard control or sample was placed into a dialysis bag with 

a molecular weight cutoff of 8–12 kDa and immersed in 200 mL of 0.02 mol/L PBS buffer. The setup was stirred 

magnetically at 37 °C. At predetermined time points (0, 15, 30, 45, 60, 75, 90, 105, and 120  minutesmin, as well as 4, 

8, 12, and 24  hoursh), 3 mL of the dialysis liquid was taken for polyphenol content measurement according to section 

2.8 (Method for determination of polyphenol content), to further obtain the release rate.

To better understand the release mechanism of polyphenols, the in vitro release behavior was analyzed using four 

mathematical models for kinetic analysis, including the Zero-order model (4), First-order model (5), Higuchi model (6), 

and Korsmeyer-Peppas model (7) [39].

(4)

(5)



In the equations, F represents the cumulative release rate of polyphenols at time t, while K0、K1、KH and KKP were 

the kinetic constants for eqs. (4), (5), (6), and (7), respectively. The release exponent n indicates the release mechanism, 

and the fitness of the release kinetics model was determined by R2.

2.14.2.14 Cytotoxicity of DHNPs in Caco-2 cell model

2.14.1 Cell culture.

The human colorectal cancer epithelial cell line Caco-2 was obtained from the Stem Cell Bank, Chinese Academy of 

Sciences (Shanghai, China). Following the method described by Jin et al. [40], Caco-2 cells were cultured in DMEM 

supplemented with 10 % fetal bovine serum (FBS), 2 mmol/L  L-glutamine, 100  U/mL penicillin, and 100  μg/mL 

streptomycin. The cells were maintained in a humidified incubator at 37 °C with 5 % CO2, and the culture medium was 

replaced every 48–72  hoursh. Trypsin treatment was performed before the cells reached confluence.

[Instruction: 2.14.2][Instruction: 2.14.2]2.14.1.2.14.1 MTT assay

The cytotoxicity test was conducted based on previous studies [41,42]. Caco-2 cells were seeded in a 96-well plate at a 

density of 6 × 104 cells per well and allowed to adhere for 24  hoursh. The culture medium was then replaced with 

fresh medium containing various concentrations of DHNPs (50, 100, 500, 1000, 2000 μg/mL) to evaluate the toxicity 

of DHNPs on the cells. All samples were diluted in growth medium to achieve the specified concentrations, with the 

culture medium serving as a blank control. The cells were incubated at 37 °C for 24   hoursh. After incubation, the 

medium was discarded, and MTT (20 μL, 5 mg/mL) was added for a 4-hourh incubation. Subsequently, 150  μL 

DMSO was added to release the dye from the cells. The absorbance was measured at 570 nm using a FlexStation 3 

microplate reader (Molecular Devices, USA). The concentrations of DHNPs that exhibited no cytotoxic effects were 

selected for subsequent cell permeability assessments, along with the corresponding concentrations of the coffee acid 

standard. Cell viability was calculated using the following formula:

2.15.2.15 Permeability tests based on Caco-2 Ccell Mmonolayers

The permeation rate of caffeic acid from DHNPs were measured using the Caco-2 monolayer cell model [43,44]. 

Caco-2 cells were seeded at a density of 2–4 × 104 cell/cm2 onto 12-well transwell plate inserts (BD Biosciences, 

USA) with a diameter of 10.5 mm and a pore size of 0.4 μm. The cells were incubated in a humidified environment at 

37 °C with 5 % CO2, with fresh culture medium replaced every day and 24   hoursh prior to the experiment. After 

20 days, a monolayer was formed, during which the transepithelial electrical resistance (TEER) was measured using 

the Millicell ERS-2 Voltohmmeter (Millipore, Darmstadt, Germany) to assess monolayer integrity. The procedure 

involved discarding culture medium solution on both apical and basolateral sides and replacing it with preheated HBSS 

buffer at 37 °C on both sides. The cells were incubated at 37 °C in a 5 % CO2 environment for 30  minutesmin before 

TEER measurement. The TEER of culture solutions were detected every 3 days. A TEER value exceeding 250 Ω·cm2 

indicated that the membrane was suitable for experimentation. TEER values were calculated using Eq. (9).

Where R was the resistance value of the Transwell of inoculated cells, R0 was the resistance value of the Transwell of 

uninoculated cells, and A was the effective surface area.

On the 21st day, the experiment commenced by adding 0.5 mL of the sample to the apical side of the transwell, while 

1.5 mL of HBSS buffer was added to the basal side. The system was incubated at 37 °C with 5 % CO2 for 2  hoursh, 

after which the HBSS buffer from the basal side was collected [45]. The caffeic acid content in the collected buffer was 

analyzed using HPLC (Agilent 1260, Agilent Technologies, CA, USA). The analysis was achieved with an Agilent 

(6)

(7)

(8)

(9)



ZORBAX Eclipse Plus C18 column (250 mm × 4.6 mm, Agilent, USA) at a flow rate of 0.5 mL/min. The mobile 

phase A consisted of water (99.5 %) and acetic acid (0.5 %), while mobile phase B comprised methanol (99.0 %), 

water (0.5 %), and acetic acid (0.5 %). The elution program was set as follows: B (5 %, 0–5 min), B (25 %, 5–10 min), 

and B (40 %, 10–30 min). The permeation rate of caffeic acid was calculated based on the HPLC results using the 

following formula:

Where A' was the concentration of caffeic acid detected in the HBSS buffer on the basolateral side, and A was the 

concentration of total caffeic acid detected in the DHNPs particles, or the original free caffeic.

2.16.2.16 Transport mechanism of DHNPs

Endocytosis, the process by which cells transport extracellular substances into the cell through deformation of the 

plasma membrane, is crucial for understanding the biological processes of nutrient uptake [46]. To investigate whether 

the cellular uptake of DHNPs involves endocytosis, Caco-2 cell uptake assays were conducted based on a previous 

study [41]. A culture medium containing 2 μmol/L of the endocytosis inhibitor Wortmannin was added to the apical 

side of the cultured cell monolayer and incubated for 1  hourh. Afterward, the medium containing the inhibitor was 

removed, and 0.5 mL of the sample to be tested was added to the apical side, while 1.5 mL of HBSS buffer was added 

to the basolateral side. The system was incubated at 37 °C with 5 % CO2 for 2   hoursh. Following incubation, the 

HBSS buffer from the basolateral side was collected for caffeic acid determination. The permeation rate of caffeic acid 

was calculated using formula (910).

2.17.2.17 Statistical analysis

All experiments in this study were performed in triplicate, and all measurement data were presented as the 

mean ± standard deviation (SD). Data visualization was conducted using GraphPad Prism 6.0 (GraphPad Software, 

Inc., USA). Statistical analysis was performed with SPSS software (version 21.0), and the significance of differences 

among data was evaluated using one-way analysis of variance (ANOVA) with a significance level set at p < 0.05.

3.3 Results and discussion

3.1.3.1 Characterization of DHNPs

As shown in Fig. 1a and Table 1, the particle size of dried hawthorn nanoparticles (DHNPs) predominantly ranged 

from 100 to 1000 nm, with a Z-average diameter of 275.70 ± 1.47 nm. Particles smaller than 100 nm and larger than 

1000  nm accounted for 13.88  % and 24.98  %, respectively. The zeta potential of DHNPs was measured at ‐

−5.44 ±  0.16  mV, indicating that the nanoparticles isolated through ultrafiltration had a slightly negative surface 

charge.

(10)
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The morphology of DHNPs was observed by TEM. Fig. 1b showed that DHNPs were primarily spherical, with a 

particle distribution similar with the Z-average diameter. Fig. 1c confirmed the presence of micro-aggregates within the 

DHNPs composition, where individual nanoparticles were distinctly visible and remained independent without fusion. 

Notably, these micro-aggregates could be readily dispersed by ultrasonic treatment, indicating that the system is 

relatively uniform and stable. This observation suggests that these micro-aggregates within hawthorn were formed 

through the orderly stacking of multiple nanoparticles, potentially exhibiting a certain degree of crystalline-like order 

and physical stability.

3.2.3.2 DHNPs composition

To analyze the chemical composition of DHNPs, the concentrations of protein, total sugars, reducing sugars, 

polyphenols, flavonoids, total acids, and free amino acids were measured, as summarized in Table 2. The total dry 

matter concentration of DHNPs was 29.65 ± 0.26 mg/mL, with carbohydrates accounting for 60.89 % of the total 

(a) Particle size distribution of DHNPs; (b) and (c) TEM image of DHNPs.
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Particle size, Zeta potential, and Polydispersity Index (PDI) of DHNPs.

Particle size (nm) Zeta potential (mV) PDI

DHNPs 275.70 ± 1.47 ‐−5.44 ± 0.16 0.427 ± 0.01



composition, including 13.96 % reducing sugars and around 50 % polysaccharides, indicating that polysaccharides 

were the dominant component in DHNPs. Polyphenolic compounds (total polyphenols and flavonoids) were the 

second most abundant, accounting for 24.87 %, suggesting that DHNPs were primarily composed of a complex of 

polysaccharides and polyphenols, consistent with the results of Ding et al. [47]. Additionally, proteins, total acids, and 

free amino acids together accounted for 5 % of the total composition. This relatively low percentage was likely due to 

the involvement of proteins in Maillard reaction complexes.

Notably, melanoidins, formed as carbohydrate-protein reaction products, accounted for approximately 25 % of the total 

composition. Interestingly, the combined content of melanoidins, carbohydrates, polyphenols, and proteins exceeded 

100 %. This suggests that these components were not present as independent entities but rather existed as complexes. 

Furthermore, polyphenolic compounds in DHNPs comprised nearly 25 % of the composition, and this high polyphenol 

content enhanced their potential as natural candidates for nanoparticle-based delivery systems.

3.3.3.3 Analysis of DHNPs-PC

As shown in Table 3, the primary monosaccharide composition of DHNPs-PC included galacturonic acid (GalA), 

galactose (Gal), and neutral sugars such as arabinose (Ara), rhamnose (Rha), mannose (Man), and xylose (Xyl). The 

calculated HG and RG-I contents were 74.2 % and 10.6 %, respectively, indicating that DHNPs-PC is predominantly 

composed of HG-type pectin, which aligns with previous study reported by Roman et al. [48] and Sun et al. [49].
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Composition of DHNP.

Components Concentration (mg/mL) Composition (%)

Total protein 0.48 ± 0.01 1.63 ± 0.01

Total carbohydrate 18.05 ± 0.99 60.89 ± 3.34

Reducing sugar 4.14 ± 0.23 13.96 ± 0.80

Free amino acids 0.44 ± 0.01 1.47 ± 0.01

Polyphenols 3.93 ± 0.17 12.25 ± 0.57

Flavonoids 3.74 ± 0.20 12.62 ± 0.67

Melanoidins 7.37 ± 0.83 24.86 ± 2.80

Dry weight 29.65 ± 0.26 —–
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Methoxyl content, molecular wight and monosaccharide composition of DHNPs-PC.

Physicochemical indexes DHNPs-PC

GalA (%) 75.73 ± 2.1

Methoxyl content (%) 4.78 ± 0.09

Monosaccharide composition



Pectin, a complex polysaccharide, primarily consists of homogalacturonan (HG), rhamnogalacturonan I (RG-I), and 

rhamnogalacturonan II (RG-II). HG is composed entirely of galacturonic acid residues, whereas RG-I features a 

repeating disaccharide backbone of alternating non-methyl-esterified galacturonic acid and rhamnose residues, with 

galactose and arabinose side branches attached to rhamnose [50]. To further assess the branching complexity of RG-I, 

the (Ara + Gal)/Rha ratio is commonly used as an indicator of side chain length and structural complexity [51]. In 

DHNPs-PC, this ratio was 4.81, suggesting that the RG-I side chains DHNPs-PC of were relatively short with minimal 

branching, making the overall structure closer to HG-type pectin.

DHNPs-PC had a methoxyl content of 4.8 %, which was lower than the threshold for high-methoxyl pectin (typically 

8–11 %), classifying it as low-methoxyl pectin (LMP). Furthermore, the molecular weight (Mw) of DHNPs-PC was 

determined to be 303.42 kDa, with a polydispersity index (Mw/Mn) of 3.25, indicating a broad molecular weight 

distribution and relatively high molecular weight. These characteristics are consistent with previously reported low-

methoxyl HG-type hawthorn pectin extracted via hot water extraction, which exhibited a molecular weight of 

348.43 kDa, a polydispersity index of 2.25, and an HG content of 81 %.

Therefore, based on its high HG content (74.2 %), low RG-I content (10.6 %), low methoxyl content (4.8 %), and 

relatively high molecular weight (303.42 kDa), DHNPs-PC were supposed be classified as low-methoxyl HG-type 

pectin.

3.4.3.4 Analysis of polyphenol content in DHNPs before and after saponification

Given that some polyphenols may be bound by chemical bonds within DHNPs, the total polyphenol content in 

DHNPs were then determined. Saponification was employed to hydrolyze ester alike bonds, thereby to release 

polyphenols that might be covalently bound to components such as polysaccharides and proteins. Polyphenol content 

analysis (Fig. 2a) showed that the polyphenol concentration in DHNPs was 1.89 ± 0.11 mg/mL before saponification, 

increasing to 3.93  ±  0.17  mg/mL after saponification. This increase indicated that a substantial proportion of 

polyphenols in DHNPs existed in a covalently bound form, often referred to as bound polyphenols. These compounds 

were typically linked to components such as dietary fibers, cell walls, and polysaccharides through covalent bonds, 

including ester, glycosidic, or ether linkages [32]. In this study, the significant release of polyphenols following 

saponification suggested that ester bonds are the predominant type of covalent interaction stabilizing polyphenols 

within the DHNP matrix. Fig. 2d illustrated a schematic representation of this mechanism, showing the cleavage of 

ester bonds between polyphenols and polysaccharides in DHNPs during saponification, leading to polyphenol release 

and nanoparticle disassembly. In contrast, the pre-saponification polyphenol content likely reflected polyphenols 

adsorbed onto DHNPs through weak interactions, such as hydrogen bonds, intermolecular forces, or hydrophobic 

interactions.

Rha (%) 1.55 ± 0.04

Ara (%) 6.61 ± 0.11

Xyl (%) 0.74 ± 0.03

Man (%) 0.74 ± 0.03

Gal (%) 0.85 ± 0.06

HG (%) 74.18

RG-I (%) 10.56

(Ara + Gal)/Rha 4.81

Molecular weight

Mw (kDa) 303.42

Mn (kDa) 93.5

Mw/Mn 3.25
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3.5.3.5 Non-targeted metabolomic analysis of DHNPs

The combination of saponification treatment and UPLC-QTOF-MS/MS analysis was employed to identify the 

phytochemical compounds in DHNPs. As shown in Fig. 2b, a total of 252 bioactive plant compounds were identified 

in DHNPs, with phenolic compounds (including flavonoids) accounting for over 35 % of the total. Additionally, certain 

cinnamic acids and their derivatives, coumarins and their derivatives, benzene and substituted derivatives, as well as 

phenol ethers, were also classified as phenolic compounds. Fig. 3 provided the mass-to-charge ratio (m/z) information 

for typical polyphenols and flavonoids identified in representative DHNPs samples.

Chemical analysis and non-targeted metabolomics analysis of polyphenolic compounds. (a) Polyphenol content of DHNPs before and 

after saponification. BS: before saponification; AS: after saponification. ‘*’Indicates significant difference, p < 0.05; (b) Composition 

of polyphenolic compounds in DHNPs; (c) Volcano plots comparing the composition of polyphenol before and after saponification; 

(d) Schematic representation of the cleavage of ester bonds between polyphenols and polysaccharides in DHNPs via saponification.
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To clearly illustrate changes in the composition of polyphenolic compounds before and after saponification, a volcano 

plot (Fig. 2c) was used, where each point represents a compound, and the relative increase or decrease in content was 

expressed as Log2 (after saponification/before saponification). Table S1 showed the molecular formulas, classifications, 

mass-to-charge ratios, and relative content variations of all compounds in DHNPs. Based on the data, most phenolic 

compounds showed an increase in relative content after saponification, including caffeic acid, hyperoside, (‐−)-

catechin, morin, 2,5-dihydroxybenzoic acid, cinchonain 1a, trans-ferulic acid, and cleomiscosin A. This increase likely 

explained the overall rise in total polyphenol content (Fig. 2a). The saponification reaction broke the ester bonds and 

other covalent bonds between the DHNPs matrix and polyphenols (Fig. 2d), leading to an increase in many phenolic 

compounds, further confirming the presence of covalently bound polyphenols in DHNPs.

Additionally, the relative content of certain phenolic compounds, such as chlorogenic acid, decreased after 

saponification (Table S1). This reduction was attributed to alkaline saponification breaking the ester bonds within the 

chlorogenic acid molecule, leading to simpler polyphenolic substances like caffeic acid (Fig. 2d). Carina Coelho et al. 

suggested that saponification could dissociate both the simple adsorbed and covalently condensed chlorogenic acid in 

coffee melanoidin, simultaneously degrading it and releasing it as caffeic acid [31], which aligned the results here.

However, this did not suggest the absence of covalently bound chlorogenic acid in DHNPs. Nunes et al. demonstrated 

that chlorogenic acid and its derivatives in the Maillard reaction products of coffee, particularly in melanoidin fractions, 

where they existed in a covalently bound form. [52]. On the other hand, carbohydrates, especially arabinose residues, 

appeared to be potential binding sites for chlorogenic acid derivatives [53]. Moreira et al. confirmed that arabinose 

residues in arabinogalactan side chains were likely binding sites for chlorogenic acid, identifying sugar-chlorogenic 

acid covalent compounds formed during thermal processing using electrospray ionization mass spectrometry (ESI-MS) 

[15]. Given the high content of arabinose in DHNPs, it was highly probable that chlorogenic acid existed in a covalent 

form within DHNPs, which required further confirmation.

3.6.3.6 Targeted metabolomic analysis of components in DHNPs

To quantify specific polyphenols in DHNPs and further explore the interaction between hawthorn polyphenols and 

DHNPs, a targeted metabolomic approach was employed based on a triple quadrupole linear ion trap mass 

Secondary mass spectra of the main typical compounds in DHNPs.



spectrometer. The contents of caffeic acid, chlorogenic acid, hyperoside, morin, trans-ferulic acid, and (‐−)-catechin 

within DHNPs were measured before and after saponification, and the results were shown in Table 4. Saponification 

led to a significant reduction in chlorogenic acid, with its levels decreasing to 0.35 μg/mg from 4.87 μg/mg. In contrast, 

the concentrations of caffeic acid, hyperoside, morin, trans-ferulic acid, and (‐−)-catechin increased significantly. For 

example, the concentration of caffeic acid increased from 5.24 to 17.18 μg/mg. As a result, the total content of these 

compounds rose from 13.30 ± 0.79 μg/mg before saponification to 27.75 ± 2.71 μg/mg after saponification, which 

aligned with the polyphenol quantification results and non-targeted metabolomics results. Notably, the increase in 

caffeic acid after saponification was significantly higher than the decrease in chlorogenic acid, with a difference of 

7.42 μg/mg. It suggested that the rise in caffeic acid was due not only to the hydrolysis of chlorogenic acid molecules 

within DHNPs but also to the release of covalently bound chlorogenic acid or caffeic acid within DHNPs.

Before saponification, the polyphenols in DHNPs were detected due to pre-extraction using organic reagents, such as 

methanol, which disrupted weak interactions (e.g., hydrogen bonds and van der Waals forces) between polyphenols 

and the DHNPs matrix. After saponification, which specifically hydrolyzes ester bonds, a higher polyphenol content 

was determined. This indicates that polyphenols were not only associated with the DHNPs matrix through weak 

interactions but were also significantly covalently bound to the polysaccharide matrix via ester or glycosidic bonds. 

Furthermore, these results suggest that the thermal drying of hawthorn—from fresh fruit to dried herb—probably 

modified the molecular structures of polyphenolic compounds, transforming them from a free form into a bound state.

3.7.3.7 X-ray diffraction (XRD) analysis

To verify the state of bioactive polyphenols in DHNPs, the crystallinity of pure caffeic acid, DHNPs, and a simple 

mixture of caffeic acid and DHNPs were assessed using X-ray diffraction (XRD). As shown in Fig. 4, the XRD 

pattern of pure caffeic acid displayed several characteristic narrow peaks within the 2θ range of 5‐––30°, primarily at 

2θ = 15.7, 17.3, and 26.8. The peak shapes of low crystallinity substances were typically broader and shorter, while 

those of high crystallinity substances were narrower and taller [54]. Pure caffeic acid exhibited a high degree of 

crystallinity. When DHNPs were simply mixed with caffeic acid, the XRD pattern still showed the characteristic peaks 

of caffeic acid, although the intensity of these peaks was diminished. In comparison, no characteristic peaks were 

observed for DHNPs alone. These results suggested that polyphenol-loaded within DHNPs existed in an amorphous, 

non-crystalline state.
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Quantitative Results of Partial Polyphenols in DHNPs Before and After Saponification.

DHNPs
Phenolic content (μg/mg)

Caffeic acid Chlorogenic acid Hyperoside Morin trans-Ferulic acid (‐−)-Catechin Total

Before 5.24 ± 0.27b 4.87 ± 0.30 a 1.52 ± 0.12 b 0.16 ± 0.01 b 1.34 ± 0.07 b 0.17 ± 0.02 b 13.30 ± 0.79 b

After 17.18 ± 1.36a 0.35 ± 0.02 b 6.34 ± 0.28 a 0.29 ± 0.01 a 2.11 ± 0.18 a 1.48 ± 0.11 a 27.75 ± 2.71 a

Note: Different superscript characters reveal the significant differences (p < 0.05).
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When the pure loaded compound interacted with the carrier, it suppressed the crystallization tendency of the compound 

within the nanostructure, significantly reducing its crystallinity and forming an amorphous composite due to 

intermolecular interactions [55,56]. Therefore, the structure of DHNPs played a crucial role in encapsulating 

polyphenols like caffeic acid and altering their crystalline state.

3.8.3.8 Antioxidant capacity analysis

As shown in Table 5, FRAP of DHNPs was measured at 0.439 ± 0.016 mmol Fe2+/g, while the ABTS, DPPH, and 

ORAC radical scavenging activities were 0.461  ±  0.018  mmol TE/g, 0.403  ±  0.015  mmol Vc/g, and 

1.389 ± 0.106 mmol TE/g, respectively. Phenolic compounds, the main bioactive compounds in hawthorn, play a key 

role in protecting cells from oxidative damage and promoting health [4]. In a study by García-Alonso et al. [57], the 

ABTS method was used to assess the antioxidant activities of 28 fruits, with persimmons, blackberries, blueberries, and 

strawberries showing the strongest antioxidant capacities at 0.406, 0.192, 0.187, and 0.163 mmol TE/g, respectively. 

All these values were lower than the ABTS scavenging activity of DHNPs (0.461 ± 0.018 mmol TE/g). This evidence 

indicated that DHNPs, as a natural source of antioxidants, possess strong antioxidant activity.

Generally, compared to fresh fruit, thermal processing tends to reduce antioxidant capacity by degrading phenolic 

compounds [58]. However, Lou et al. measured the antioxidant activity of fresh hawthorn fruits using the FRAP, 

ABTS, and DPPH methods, with values of 0.32, 0.33, and 0.29 mmol TE/g, respectively which was lower than 

DHNPs [59]. This suggests that the formation of DHNPs during thermal processing may help stabilize and protect 

polyphenolic compounds through interactions with polysaccharides, reducing their degradation and enhancing their 

antioxidant capacity.

3.9.3.9 iIn vitro simulated release

To evaluate the impact of the DHNPs structure on the release of polyphenols, a membrane dialysis method was used 

with free caffeic acid as a control. As shown in Fig. 5a, free caffeic acid exhibited a burst release within the first 0–2  

XRD spectra of caffeic acid, DHNPs, and physical mixture of DHNPs/caffeic acid.
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Antioxidant Test Results of DHNPs.

Methods Antioxidant capacity

FRAP (mmol Fe2+/g) 0.439 ± 0.016

ABTS (mmol TE /g) 0.461 ± 0.018

DPPH (mmol Vc /g) 0.403 ± 0.015

ORAC (mmol TE /g) 1.389 ± 0.106



hoursh, with a release rate exceeding 85 %. Subsequently, the release rate slowed, reaching a cumulative release rate of 

92.6 % at 24   hoursh. This phenomenon was likely related to the small molecular size of free caffeic acid and its 

unobstructed diffusion process [60]. In contrast, caffeic acid loaded in DHNPs displayed a fast release within 0–4  

hoursh but at a significantly lower rate compared to free caffeic acid, reaching only 50 % cumulative release at 4  

hoursh and a final release rate of 71.2 % at 24  hoursh. These results indicate that DHNPs effectively prolonged the 

release of caffeic acid, resulting in a sustained-release effect.

To further elucidate the release mechanism, four kinetic models, including Zero-order, First-order, Higuchi, and 

Korsmeyer-Peppas, were used to fit the release data of caffeic acid (Fig. 5b-c, Table 6). The results showed that the 

release behavior of both free caffeic acid and DHNP-loaded caffeic acid was well-fitted by the First-order model, with 

the highest R-squared value (R2
  =  0.997 for free caffeic acid and 0.968 for DHNPs-encapsulated caffeic). This 

suggested that the release kinetics followed the characteristics of the First-order model, where the release rate was 

proportional to the remaining amount of unreleased substance [61]. In the First-order model, slope K1 represented the 

relative release capacity. The K1value of free caffeic acid was 1.578, significantly higher than that of DHNP-

encapsulated caffeic acid (0.462). This difference was primarily attributed to the physical encapsulation and chemical 

interactions between DHNPs and caffeic acid, leading to the sustained-release effect. The nanoparticle structure of the 

polysaccharide matrix may form a diffusion barrier, slowing the release rate of caffeic acid from the carrier [62]. 

Analysis of the release curves suggests that this reduction is mainly observed in the initial burst-release phase, where 

surface-adsorbed caffeic acid is rapidly released, and the diffusion of internally bound caffeic acid gradually dominates 

the release process, achieving the sustained-release effect.
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in vitro kinetics and fitting models of polyphenol released from DHNPs. (a) Release curves of DHNPs and pure caffeic acid; (b) 

Dynamic fitting curve for DHNPs; (c) Dynamic fitting curve for the caffeic acid standard.
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Correlation Coefficients of Three Kinetic Models for the Release of Caffeic Acid and DHNPs.

Samples

Release kinetics model

Zero-order First-order Higuchi
Korsmeyer-

Peppas

Caffeic 

acid

Equation Q = 1.977*t + 61.533 Q = 91.037*(1- exp.(‐−1.578 t))
Q = 14.200*t1/2+ 

46.889
Q = 67.932*t0.138

R2 0.233 0.997 0.468 0.828

DHNPs
Equation Q = 2.528*t + 24.352

Q = 65.3083*(1- exp.(‐

−0.462 t))

Q = 14.760*t1/2+ 

11.203
Q = 28.103*t 0.321

R2 0.672 0.968 0.894 0.954



Additionally, the results showed that the release behavior of caffeic acid from DHNPs was also well correlated with the 

Korsmeyer-Peppas kinetic model (R2
 = 0.954). The release exponent n was 0.321 (< 0.5), indicating that the release of 

caffeic acid was primarily controlled by Fickian diffusion, where the rate of substance transfer is proportional to the 

concentration gradient, and was also influenced by factors such as the carrier structure, particle size, diffusion path, and 

interactions between the carrier and the encapsulated compound [63,64]. These results suggested that the 

polysaccharide matrix of DHNPs significantly delayed the release of caffeic acid by providing a diffusion barrier and 

promoting molecular interactions, suggesting its critical role in the sustained release of polyphenolic compounds.

3.10.3.10 Effects of DHNPs on the cytotoxicity of Caco-2 cells

The cytotoxicity assay results were shown in Fig. 6a. DHNPs at concentrations ranging from 50 to 2000  μg/mL 

showed no toxic effects on cells. At 50 μg/mL, there was no significant difference in cell viability between the DHNPs 

and the control (p  >  0.05). At concentrations of 100, 500, and 1000  μg/mL, DHNPs significantly promoted cell 

viability (p < 0.05), with the effect at 1000 μg/mL being greater than at 100 and 500 μg/mL (p < 0.05). However, at 

2000 μg/mL, the promotive effect on cell viability decreased. Consequently, DHNPs at a concentration of 1000 μg/mL 

(corresponding to a caffeic acid concentration of 5.24 μg/mL) and a standard solution of caffeic acid at 5.24 μg/mL 

(serving as a control) were selected for cellular uptake experiments. Caffeic acid was also used as a representative free 

polyphenol for comparison with the bound polyphenols within DHNPs in subsequent analyses.

3.11.3.11 Effects of DHNPs on polyphenol absorption in Caco-2 cells

The Caco-2 cell monolayer model was used to evaluate the intestinal absorption of caffeic acid, assessing the intestinal 

absorption of polyphenolic compounds in DHNPs. First, regarding the integrity of the Caco-2 cell monolayer, as 

shown in Fig. S2, the TEER value of the Caco-2 cell monolayer increased with the extension of the culture time. On 

day 21, the TEER value reached 421.46 Ω·cm2, indicating that the integrity of the Caco-2 cell monolayer met the 

experimental requirements. The permeability results for polyphenols were shown in Fig. 6b, the cell permeability of 

caffeic acid from DHNPs was 27.90 %, significantly higher than that of the caffeic acid standard at 12.38 % (p < 0.05), 

indicating that the structure of DHNPs facilitated the transport of caffeic acid across the Caco-2 cell monolayer and 

enhanced its absorption. It has been documented that the cellular uptake of baicalin is significantly improved by the 

formation of supramolecular assemblies and particulate aggregates. This improvement is hypothesized to stem from the 

synergistic interactions among a diverse array of components, encompassing flavonoids, alkaloids, glycosides, 

polysaccharides, and glycoproteins [42]. This phenomenon happened in the processing of dried hawthorn, where the 

interaction among different components leads to the formation of DHNPs, thereby increasing cellular uptake of caffeic 

acid.
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(a) Effects of DHNPs on Caco-2 cell viability; (b) Permeability rates of samples in the Caco-2 monolayer permeability model; (c) 

Uptake model of caffeic acid by Caco-2 monolayer cells; (d) Changes in caffeic acid uptake by cells after treatment with endocytosis 

inhibitors. Note: Different letters indicate significant differences at p < 0.05.



Additionally, since intestinal epithelial cells typically absorbed large extracellular molecules through endocytosis [65], it 

was speculated that DHNPs promote caffeic acid uptake via endocytosis of Caco-2 cells. To test this hypothesis, cells 

were treated with DHNPs in the presence of the endocytosis inhibitor wortmannin (a phosphoinositide 3-kinase (PI3K) 

inhibitor that can block macropinocytosis and phagocytosis in epithelial cells), and the uptake of free caffeic acid was 

compared with and without the inhibitor. As shown in Fig. 6b, wortmannin had no significant effect on the uptake of 

free caffeic acid (p > 0.05), indicating that its target site was not related to diffusion pathways. However, the uptake of 

bound caffeic acid within DHNPs significantly decreased (p < 0.05) from 27.90 % to 9.58 % upon inhibitor treatment 

(Figs. 76c-d). Similarly, Nystatin (25 μg/mL), another inhibitor of caveolin-mediated endocytosis (CvME), also used 

for the permeability assay, leading to a significant reduction in the permeability of DHNP-bound polyphenols, 

decreasing from 27.90 % to 8.61 % and no significant change on the permeability of free polyphenol (Fig. S1). It also 

aligned with a previous study [66], which showed that the uptake of curcumin-loaded protein–pectin nanoparticles by 

Caco-2 cells could be inhibited by multiple endocytosis inhibitors including sucrose, Nystatin, and Wortmannin, with 

the latter two showing comparable effects. Another study reported the colloidal nanoparticles in lamb soup were 

primarily absorbed via caveolin-dependent endocytosis, macropinocytosis, and phagocytosis [67]. While the specific 

endocytic routes of DHNPs remained to be fully clarified, these results suggest that the internalization of DHNPs was 

likely mediated by multiple endocytic pathways, including not only macropinocytosis, but also potentially caveolin-

mediated endocytosis. Moreover, endocytosis appeared to play a critical role in the epithelial transport of DHNP-bound 

polyphenols, thereby potentially enhancing the oral bioavailability of polyphenols.

This study confirmed that structural differences between DHNPs-bound polyphenols and free polyphenols result in 

distinct cellular uptake behaviors, establishing a preliminary structure–function relationship. However, several 

limitations remain to be addressed. Firstly, although we employed two representative endocytic inhibitors—

Wortmannin (a PI3K inhibitor that significantly reduced the trans-epithelial transport of DHNPs-bound polyphenols) 

and Nystatin (a caveolin-mediated endocytosis inhibitor)—this study suggested that the uptake of DHNPs likely 

involved multiple endocytic pathways, rather than relying solely on passive diffusion or classical transporter-mediated 

mechanisms. Therefore, a more comprehensive elucidation of the endocytic mechanisms was warranted. Secondly, 

given the complexity of endocytic processes, we have not yet directly identified the specific receptors involved in 

DHNPs uptake. However, previous studies [68] have reported that membrane receptors such as SR-BI (Scavenger 

Receptor Class B Type I) can recognize and mediate the uptake of pectin and pectin-like polysaccharides, which may 

offer a mechanistic clue for receptor-mediated interactions in our system. In addition, recent studies on plant-derived 

extracellular vesicle-like nanoparticles have shown that terminal galactose residues on their surfaces can facilitate 

receptor-mediated endocytosis via asialoglycoprotein receptors (ASGPRs), particularly in cells such as macrophages. 

This pathway has been demonstrated in nanoparticles derived from green tea [69], mulberry leaves [70], and other plant 

sources [71]. Given the compositional and surface similarities, such interactions may also be relevant to DHNPs uptake 

and warrant further investigation in future studies.

This study revealed the advantages of DHNPs in improving polyphenol stability and absolution, laying the foundation 

for their application in functional foods and drug delivery. With these properties, DHNPs can be incorporated into 

functional beverages and dietary supplements to reduce polyphenol degradation and extend health benefits. 

Additionally, DHNPs aligned with the clean-label food trend. By integrating the "“medicinal and edibleMedicine and 

Food Homology"” concept, this technology enhanced the nutritional value of hawthorn-based processed products, such 

as instant powders, health drinks, and functional snacks, meeting the demand for nutrition fortification and convenient 

consumption.

4.4 Conclusion

This study reveals how herbal processing, particularly drying, chemically modifies hawthorn polyphenols and promotes 

the formation of natural polyphenol-based nanoparticles (DHNPs), thereby enhancing their stability and absorption. 

DHNPs exhibited a high polyphenol loading (~25 %) and were stabilized by hawthorn polysaccharides—mainly HG-

type pectin—through both non-covalent and covalent interactions. These structural features contribute to controlled 

release and improved bioavailability compared to free polyphenols. These features facilitate the transformation of 

hawthorn into high-value functional food products through deep processing, aligning with trends in nutritional 

enhancement and bioactive delivery. This work provides a new perspective for developing herb-based functional foods 

by leveraging natural polysaccharides to improve polyphenol delivery.

Supplementary data to this article can be found online at https://doi.org/10.1016/j.ijbiomac.2025.143274.
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Graphical abstract
Formation of polyphenol-loaded nanoparticles in dried hawthorn and their impact on in vitro intestinal absorption.

To clearly illustrate changes in the composition of polyphenolic compounds before and after saponification, a volcano plot (Fig. 2c) 

was used, where each point represents a compound, and the relative increase or decrease in content was expressed as Log2 (after 

saponification/before saponification). Table S1 showed the molecular formulas, classifications, mass-to-charge ratios, and relative 

content variations of all compounds in DHNPs. Based on the data, most phenolic compounds showed an increase in relative content 

after saponification, including caffeic acid, hyperoside, (‐−)-catechin, morin, 2,5-dihydroxybenzoic acid, cinchonain 1a, trans-

ferulic acid, and cleomiscosin A. This increase likely explained the overall rise in total polyphenol content (Fig. 2a). The 

saponification reaction broke the ester bonds and other covalent bonds between the DHNPs matrix and polyphenols (Fig. 2d), 

leading to an increase in many phenolic compounds, further confirming the presence of covalently bound polyphenols in DHNPs.

Additionally, the relative content of certain phenolic compounds, such as chlorogenic acid, decreased after saponification (Table S1). 

This reduction was attributed to alkaline saponification breaking the ester bonds within the chlorogenic acid molecule, leading to 

simpler polyphenolic substances like caffeic acid (Fig. 2d). Carina Coelho et al. suggested that saponification could dissociate both 

the simple adsorbed and covalently condensed chlorogenic acid in coffee melanoidin, simultaneously degrading it and releasing it as 

caffeic acid [31], which aligned the results here.
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