Mild Aqueous Synthesis of a Cross-linked β-Cyclodextrin Polymer Network for Amorphous Drug Stabilization
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1. Particle characterization
1.1. Fourier-transform infrared spectroscopy (FT-IR)
To assess the functional groups of CM-β-CD, PCDP-O, as well as 10%, 20%, and 30% IBU-loaded PCDP-O and their physical mixture (weight ratio of IBU:PCDP-O = 1:9), a Fourier transform infrared spectrometer (FT-IR, Nicolet iS5, Thermo Fisher Scientific, USA) was utilized. The samples were combined with KBr in a ratio of 1:100 (w/w) and subsequently compressed into tablets using a tablet press (NL-15, Nuoleixinda Technology Co., Ltd., China). The FT-IR spectra were recorded over a wave number range of 400 to 4000 cm−1, with 16 scans collected at a resolution of 4 cm−1.
1.2. Scanning electron microscopy (SEM)
[bookmark: _Hlk233627816]Samples were mounted on conductive adhesive. Gold sputter coating was then applied using a Quorum SC7620 sputter coater for 45 s at a current of 10 mA. Surface morphology was subsequently examined using a field-emission scanning electron microscope (FE-SEM, ZEISS Sigma 300, Germany) at an accelerating voltage of 3 kV. In addition, the morphologies of PCDP-O, a physical mixture (IBU:PCDP-O = 1:9, w/w), and 10% IBU@PCDP-O were observed using a scanning electron microscope (SEM, Phenom Prox, Thermo Fisher Scientific, USA) at 15 kV. 
1.3. SEM-energy-dispersive X-ray spectrometer analysis (SEM-EDS)
The element composition of the PCDP-O was determined by ultra-high resolution scanning electron microscope (FE-SEM, ZEISS Sigma 300, Germany) equipped with energy disperse spectroscopy (EDS, Oxford Xplore 30). Specifically, the freeze-dried sample powder was fixed on a copper stub using conductive glue and subsequently plated by gold through ion sputtering apparatus. Then it was observed under high vacuum at the voltage of 3 kV.
1.4. Adsorption–desorption of nitrogen
The pore characteristics of the PCDP-O and 10% IBU@PCDP-O samples were studied using a surface area and pore size analyzer (Quantachrome Autosorb-IQ3) at −196 °C. Prior to characterization, the PCDP-O samples were degassed under vacuum at 40 °C for 12 h. The textural properties of the sample were characterized by N₂ adsorption–desorption measurements. The specific surface area was calculated using the multiple-point Brunauer–Emmett–Teller (BET) method from nitrogen adsorption data, yielding a value of 21.897 m²/g (C constant = 3.238, r = 0.999199). The pore structure was evaluated by the Barrett–Joyner–Halenda (BJH) method. The pore volume was determined from the adsorption branch of the nitrogen adsorption isotherm at P/P₀ = 0.99, giving a value of 0.021 cm³/g, with an average pore diameter of 3.814 nm. The BJH desorption analysis gave a pore volume of 0.018 cm³/g and a pore diameter of 3.814 nm. The BJH-derived surface areas from adsorption and desorption branches were 12.452 and 11.686 m²/g, respectively.
1.5. DSC studies
DSC measurements for IBU, PCDP-O, their physical mixture, and 10% IBU@PCDP-O were conducted using differential scanning calorimetry (DSC, METTLER TOLEDO DSC 3, Switzerland). Approximately 2 mg of each sample were placed in aluminum crucibles. The heat absorption was recorded over a temperature range of 30 °C to 200 °C, under a dynamic nitrogen atmosphere (100 mL/min) with a heating rate of 10 °C per minute.
1.6. PXRD studies
The crystalline structures of IBU, PCDP-O, physical mixture and 10% IBU@PCDP-O were measured on a small-angle and wide-angle powder X-ray diffractometer (PXRD, Rigaku SmartLab SE, Japan) with a Cu-Kα radiation beam operating at 30 kV and 30 mA. The samples were scanned over a 2θ range of 5–100° at a scanning rate of 6°/min.
1.7. Short-term stability testing
10 % IBU@PCDP-O was stored in a dryer at room temperature for 3 months. The stability of 10% IBU@PCDP-O was evaluated by FT-IR and PXRD after storage.
1.8. In Vitro Drug Release
The in vitro dissolution study was performed using the USP apparatus II paddle method with a 12-position automatic dissolution sampler (Andisso D1200 Pro). The dissolution conditions were set at 50 rpm, 37 ± 0.5 °C, and 500 mL of dissolution medium. Ibuprofen (IBU) and 10% IBU@PCDP-O (equivalent to 3 mg IBU, n = 3) were separately immersed in 500 mL of simulated gastric fluid (SGF) or simulated intestinal fluid (SIF). At predetermined time points (5, 10, 15, 30, 45, 60, 120, 240, 480, and 720 min), 2 mL of dissolution medium was withdrawn from each vessel and immediately filtered through a 0.22 μm Millipore filter (Millipore, Billerica, MA, USA). After each sampling, an equal volume (2 mL) of fresh medium was replenished to maintain constant volume. The filtrates were subsequently analyzed for ibuprofen concentration using high-performance liquid chromatography (HPLC). 
1.9. Determination of IBU
The concentration of ibuprofen (IBU) was determined by high-performance liquid chromatography (HPLC), using a method adapted from a previously reported procedure with minor modifications [1]. Briefly, chromatographic separation was performed on a C18 column (ENM-Miracle AQ-C18, 120A, 4.6mm×250mm, 5um) maintained at 25 °C. The analysis was carried out using an HPLC system (LC-2010A, Shimadzu, Japan) equipped with a UV detector (SPD-20A/20AV, Shimadzu, Japan). The mobile phase consisted of acetonitrile and ammonium acetate buffer (pH 3.5) at a volume ratio of 60:40 (v/v), delivered at a flow rate of 1.0 mL/min. The injection volume was 20 μL, and the detection wavelength was set at 220 nm.
1.10. Statistical Analysis
All quantitative data are presented as mean ± standard deviation (SD). Statistical significance was evaluated using one-way ANOVA followed by Tukey’s post hoc test. Differences were considered statistically significant at p < 0.05.
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