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In this study, a nano drug delivery system for sustained release (PSI-HAP) with spherical or near-spherical
particles and a negative zeta potential was established. PSI-HAP was prepared using polysuccinimide (PSI) as
the coating material and hydroxyapatite (HAP) as the drug adsorption core. By simply mixing PSI and HAP in
solution, uniformly size non-agglomerated nanoparticles could be generated rapidly via a facile preparation
process. Herein, HAP was prepared using the micro-emulsion method (MEM), liquid phase reaction (LPR),
precipitation method (PM), or hydrothermal method (HM). The effects of the HAP preparation process on PSI-
HAP were investigated. The optimal formulations and preparation processes of PSI-HAP were determined
using single-factor experiments and the Box—Behnken design (BBD) response surface method with different
model drugs. Additionally, the drug-loading and release features of PSI-HAP preparations were measured, and
the distribution of SCE-PSI-HAP (Schisandra chinensis extract, SCE) in vivo was determined. The in vitro drug
release test showed that PSI-HAPs were pH-sensitive, showing complete drug release around pH 7.
Meanwhile, in vivo experiment demonstrated that in animals, the retention time was significantly longer in the
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DOI: 10.1039/d4ma00381k SCE-PSI-HAP preparation group than in the saline group, irrespective of whether the formulation was admi-

nistered orally or injected. The findings showed that the proposed drug delivery system is easy to prepare and
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1. Introduction

Hydroxyapatite (HAP), a weakly alkaline calcium phosphate salt that
is slightly soluble in water, is a major component of human teeth
and bones. The surface of HAP has an extremely high affinity for
human tissues and can adhere well to them. HAP can then gradually
be dissolved by bodily fluids or absorbed by tissues, showing
excellent biocompatibility, osteoconductivity, good cell adhesion,
excellent biodegradability, and non-inflammatory properties.”” In
medicine, HAP has commonly been used as a material for orthope-
dic and dental implants.>* Various methods for HAP preparation
have been reported, and the raw materials required are cost-
effective, yet readily available. Porous HAP is an efficient adsorbent,
available as a carrier for nucleic acid and protein drug.>® HAP
exhibits different in vivo distribution and drug release behaviors
according to its particle size. When the size of HAP reaches the
nanometer scale, it exhibits a series of unique properties, showing a
large specific surface and thus a strong drug-adsorption and
-carrying capacity. Additionally, due to their small particle size,
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sterilize, making large-scale production feasible, which could be used clinically for multi-modal drug delivery.

HAP nanoparticles can enter cancer cells via cell membrane chan-
nels and inhibit their growth.” Nevertheless, HAP nanoparticles are
not appropriate for use as independent nanodrug carriers for drug
delivery in our study, especially injection administration, owing to
severe aggregation. HAP nanoparticles can be used to carry drugs
only when the following objectives are achieved: (1) relief of aggrega-
tion and enhancement of their physicochemical stability: HAP
nanopatrticles are highly prone to aggregation owing to their large
specific surface area, which results in undesirable alterations in
physical and chemical properties of the product; (2) enhancement of
drug loading rate: the clinical efficacy of preparations is proportional
to their drug loading rate; (3) stabilization of drug release: HAP
nanopatrticles tend to suddenly release the drugs adsorbed on their
surface or bound to the surface layer via weak forces during the drug
release process; (4) improvement of tissue delivery efficiency and cell
transfection ability. The results of this study established that the use
of PSI and its derivatives as coating films for drug-loading HAP
smoothened their surface, solved the problem of aggregation, and
avoided the sudden release phenomenon.

Polysuccinimide (PSI) is a biodegradable, non-toxic, amor-
phous polymer that can be produced via direct condensation
from aspartic acid monomers following dehydration by organic
solvent-free methods, following green chemistry principles.
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During its synthesis, no harmful compounds are synthesized,
renewable raw materials are used, and few by-products are
released,® making the production of PSI easily scalable. PSI
undergoes a ring-opening reaction with OH™ in solution to
produce poly aspartic acid (PAA), a water-soluble derivative with a
protein-like structure that can be biodegraded in the presence of
lysosomal enzymes in vivo.’ PSI derivatives are often used for drug
loading and the preparation of pH-sensitive and controlled-release
gels,""™ pH- and temperature-sensitive gels,"* pH-sensitive and
controlled-release micelles,">™” and CO,-responsive gels.'® PSI has
a low polarity and is a membrane-directed polymer that easily
penetrates tumor cells. Upon entry into tumor cells, the acyl imide
bond of PSI is hydrolyzed, significantly changing the intracellular
pH. This blocks the main enzymatic pathways of tumor cell
metabolism and apoptosis, thereby inhibiting tumor development.
The anti-tumor effect of PSI has been demonstrated in a variety of
tumor cells, both in vitro and in vivo.'® Hence, PSI and HAP are very
suitable for the delivery of anti-tumor drugs in vivo. PSI derivatives
have also been described as adsorbent materials for the removal of
anionic azo dyes from solutions®® and as green and potent inhibi-
tors of the crystallization of calcium salts in water.>"*> Hence, PSI
and its derivatives were selected as HAP coating materials. This
interaction between PSI and its derivatives and calcium ions can
lead to the formation of an organic polymer film on the surface of
HAP (Ca;(PO,)s(OH),). It can prevent the aggregation of HAP and
reduce the size of HAP particles, thus generating a PSI-HAP
nanocarrier. PSI has been demonstrated to be unsuitable for
independent use as a drug carrier owing to severe nanoparticle
aggregation (Fig. 3B). Furthermore, PSI derivatives, if used
alone as drug-loading micelles, face problems of low drug
loading rate, easy drug leakage, and poor physical stability.*®
However, the PSI-HAP nano-delivery system, which is prepared
by using solid HAP as the drug adsorption core and PSI as the
coating, can overcome the problems of using HAP and PSI
separately. The X-PSI-HAP delivery system prepared using
PSI derivatives modified with different functional molecules
(X-PSI) can further achieve active targeting, thus immensely
improving the drug delivery efficiency.

In this study, a novel nano-sustained-release drug delivery
system (DDS) PSI-HAP was established. The proposed DDS has
an HAP core and PSI coating structure and mainly requires two
excipients for preparations: a coating material consisting of PSI
condensed from aspartic acid and a core consisting of HAP as the
supporting core for drug loading and preparation. The drug-
loading and release performance of as-prepared PSI-HAPs were
validated using Schisandra chinensis extract (SCE) as a model
drug to determine the best PSI-HAP formulation. Pharmacologi-
cal studies have reported that SCE exhibits various pharmacolo-
gical activities, including hepatoprotective, anti-inflammatory,
anticancer, antiviral, antioxidant, and detoxification.>* In addi-
tion, based on the biopharmaceutics classification system (BCS),
matrine (high solubility, high permeability), itraconazole (ITZ, low
solubility, high permeability), atenolol (high solubility, low perme-
ability), and ketoprofen (KPF, low solubility, low permeability)
were also selected to investigate the drug loading and release
capacities of the optimal PSI-HAP delivery system.
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2. Experimental methods and materials

2.1. Materials

SCE (Schisandra chinensis extract) was purchased from
Shaanxi Kepler Biotech Co., Ltd, Shanxi, China. Matrine, itra-
conazole, atenolol and ketoprofen were purchased from Shang-
hai Macklin Biochemical Co., Ltd, Shanhai, China. All the other
chemicals such as toluene, N,N-dimethylformamide, tween-80,
ammonia, phosphoric acid, anhydrous ethanol, crystalline cal-
cium chloride, disodium hydrogen phosphate, sodium hydro-
xide, calcium nitrate, diammonium hydrogen phosphate and
calcium hydroxide are all analytical grade obtained locally.

2.2. Preparation of HAP core using different methods

The currently available preparation methods for nanoscale HAP
mainly include dry and wet methods. The preparation process
for HAP nanoparticles varies, and there are also certain differ-
ences in their morphology and structure. Preparing HAP nano-
particles using the dry method requires a relatively high
reaction temperature and a long reaction time and also neces-
sitates grinding. By contrast, the wet synthesis method requires
a relatively low reaction temperature, which makes it easier to
produce the nanoparticles.>®?® In this study, according to the
principles of four wet synthesis methods for HAP nano-
particles, namely, microemulsion method (MEM),>”*° liquid
phase reaction (LPR),*° precipitation method (PM),>" and
hydrothermal method (HM),** the preparation conditions in
the PSI-HAP drug delivery system were determined via experi-
mental exploration. The specific methods are as follows:

2.2.1. Micro-emulsion method (MEM). First, 5 mL of
Tween-80 was added to 25 mL of methylbenzene; this mixture
was then added to 60 mL of a 1 mol mL ™' Na,CO; solution. The
final mixture was ultrasonicated using the KQ-100DB Ultraso-
nic Cleaner (Kunshan Ultrasonic Instruments Co., Ltd, China)
for 20 min (60 °C, 35 kW). The resulting solution was trans-
ferred to a burette, stirred, and added slowly, dropwise, to a
room-temperature solution of 0.2 mo1 L™' CaCl, in order to
obtain a precipitate. The precipitate was filtered, washed with
distilled water, and dried at 80 °C for 12 h to obtain the CaCO;
powder. Then, 1.0 g of the synthesized CaCO; powder was
added to 200 mL of distilled water, stirred to form a suspen-
sion, and added to a Na,HPO, (200 mL, 0.03 mo1 L’l) solution
at 60 °C (2 mL min~"). The pH value of a 20% NaOH solution
was adjusted to 11, and the temperature was kept at 60 °C;
stirring was continued for 1 h. The product was collected by
filtration, washed with distilled water (to make the pH neutral),
and then washed with ethanol for drying. It was dried at 80 °C
for 12 h and calcined at 200 °C for 30 min to obtain solid HAP.

2.2.2. Liquid phase reaction (LPR). An H3;PO, solution
(0.3 mol L") was added dropwise to a 0.5 mol L™ Ca(OH),
suspension under high-rate stirring, and the pH of the system
was maintained in the range of 9-12. The precipitate was frozen
(zD-F12 Vacuum Freeze Drier, Nanjing ZaiZhi Automation
Equipment Co., Ltd, Nanjing, China) at —25 °C and dried
under vacuum at 0 °C to obtain HAP powder.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.2.3. Precipitation method (PM). At room temperature,
60 mmol L™! Na,HPO, was slowly added, dropwise, to a CaCl,
solution. The pH of the solution was adjusted to 9.0 with
1 mol L™! NaOH, and the reaction mixture was stirred for
6 h. After the reaction was completed, the reaction system was
aged at 37 °C for 4 days to obtain the HAP precipitate, which
was centrifuged and washed thrice, dried, and ground to obtain
a dried HAP powder.

2.2.4. Hydrothermal method (HM). A Ca(NOj3), solution
and (NH,),HPO, solution were prepared at concentrations of
0.50 mol L™ and 0.30 mol L™, respectively, and the pH of the
solutions was adjusted to 10.5 with ammonia. Then, the
(NH4),HPO, solution was added dropwise to the Ca(NOs),
solution at a Ca/P ratio of 1.67 (molar ratio) under stirring.
The pH of the reaction system was maintained at 10.5 with
ammonia during the dropwise addition. Once the dropwise
addition was complete, the white solution was transferred to a
100 mL round bottom flask, sealed, and hydrothermally treated
at 180 °C for 6 h. The solution was naturally cooled to room
temperature, filtered by extraction, washed with distilled water,
and oven dried at 80 °C for 24 h to obtain a solid HAP powder.

2.2.5. Characterization and drug-loading capacity of indi-
vidual HAP preparations. Fourier-transform infrared (FTIR,
Nicoetis5, Thermo Fisher Scientific, USA) spectra were obtained
in the wave number range of 400 to 4000 cm ' at a 1 cm™"
resolution. Scanning electron microscopy (SEM) micrographs
were obtained using an FEI Sirion field emission scanning
electron microscope. FTIR spectroscopy and SEM were employed
to characterize HAPs. Then, the drug-loading capacity of different
HAPs prepared with SCE as a model drug was measured. First, the
concentration of the SCE was detected using a UV spectrophot-
ometer (UV-1800, SHIMADZU) at 281 nm. A UV analytical method
was developed for examining the SCE and its accuracy and
precision were validated. The encapsulation efficiency (EE, %)
and drug-loading capacity (DLC, %) of SCE-HAPs were examined
by mixing SCE (10 mg mL ™", near-saturated solution) with HAP
(msce:mMpap=2:1,1:1,and 1:2) in water under sonication (50 W,
35 kHz) for 1 min.

2.3. Preparation of PSI for soft coating

L-Aspartic acid (10.0 g) was mixed with phosphoric acid (85%,
6 mL) and distilled water (1 mL) in a 250 mL round bottom
flask at 170 °C for 1 h under reduced pressure in a ZFQ 85A
rotary evaporator (EYELA, Beijing, China). After the reaction
was complete, the solution was cooled to 100 °C, and 60 mL of
N,N-dimethylformamide was added. The solution was then
slowly dropped into 500 mL of distilled water under stirring
(700 rpm). The precipitate was collected by filtration, washed
with distilled water and dichloromethane or n-butanol to pH
neutrality, and dried at 80 °C.

2.4. Determination of the mass ratio of PSI coating and HAP
and drug-loading capacity of PSI-HAPs

The findings from this study indicated that PSI and HAP could
form non-aggregated, uniformly sized spherical or spherical-
like PSI-HAP nanoparticles only in a certain mass range. If the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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mass ratio was too low and the amount of PSI was insufficient,
coating the HAP and breaking its aggregation to form nano-
particles was difficult. Similarly, if the mass ratio was too high,
the nanoparticles formed were prone to adhesion and aggrega-
tion. Therefore, it is necessary to examine the amount of PSI
and HAP. The PSI and HAP powders were weighed out at
different mass ratios (PSI:HAP = 1:1, 2:1, 3:1, and so on),
and the PSI powder was added to a dimethylformamide or
dimethylacetamide solution (concentration = 50 mg mL™"). The
solution was then sonicated to achieve complete dissolution and
stored. HAP prepared using different methods was dissolved in
distilled water to prepare a HAP suspension (concentration =
5 mg mL "), followed by sonication (50 W, 35 kHz, 1 min) to
achieve homogeneity. The PSI solution was dripped into the HAP
suspension under stirring (800 rpm) at room temperature. The
precipitate was collected by centrifugation, washed repeatedly
with distilled water and ethanol, and dried (drying, freeze-
drying, or spray-drying depending on the purpose of the pre-
paration). In this study, the samples were dried at 70 °C for 12 h.
FT-IR and SEM were employed to characterize as-prepared PSI-
HAPs and determine the mass ratio of PSI coating and HAPs of
PSI and HAP. When the mass ratio of PSI coating and HAP was
confirmed, a pre-test of PSI-HAP DLC was performed. The DLC
and EE of PSI-HAPs prepared using different methods were
examined by fixing the SCE to HAP ratio at 2 : 1. The SCE solution
concentration was 10 mg mL ™' and the HAP concentration was
5 mg mL ™.

2.5. Drug delivery abilities of PSI-HAPs prepared using the
MEM and LPR

2.5.1. Optimization of the formulation and preparation of
the SCE-loaded PSI-HAP delivery system. The formulation and
preparation of the SCE-loaded system, SCE-PSI-HAP, were
optimized using a single-factor experiment design and the
BBD response surface optimization method, with EE and DLC
as outcome indicators. The preparation conditions (sonication,
stirring, and temperature), drug concentration (5 mg mL™ ",
10 mg mL™", 15 mg mL™', 20 mg mL™", 25 mg mL™ ", and
30 mg mL~") and HAP concentration (1 mg mL™ ", 5 mg mL™},
10 mg mL™', 15 mg mL™", 20 mg mL™", 25 mg mL~", and
30 mg mL ') were adopted as process parameters, and their
main influences were identified by combining the results of
single-factor experiments. The optimal formulations and
processes were finally determined using the BBD response
surface optimization method. The SCE-containing preparation
was prepared as described in Section 2.4. SCE was added to the
HAP suspension and sonicated for 1 min; then, the PSI solution
was added. The subsequent steps were identical to those
described above.

2.5.2. In vitro drug release from optimally prepared SCE-
PSI-HAPs. Six batches of the optimal drug-containing
preparation (SCE-PSI-HAPs) were prepared at a 100-fold drug
mass (500 mL) according to the finalized formulation and
process (described in Section 2.5.1), and the EE and DLC
were examined. Then, 150 mg of SCE-PSI-HAPs was taken in
a centrifuge tube. 15 mL of a PBS solution (pH = 2.0, 4.5, 6.8,

Mater. Adv,, 2024, 5, 7419-7431 | 7421
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7.4, or 8.0) was added, and the tube was placed in a constant
temperature shaker (37 £ 0.5 °C, speed of revolution =
120 rpm). Samples were obtained at 0, 1, 2, 3, 4, 5, 6, 8, 10,
12, 24, 36, 48, and 72 h (n = 3), centrifuged, and washed. They
were combined with the supernatant to determine A-values
using a UV spectrophotometer at 281 nm, and the drug
concentration and release amounts were calculated according
to established standard curves. The actual value was determined
based on the average of three groups of experiments, which were
carried out at the same time under the same conditions. Finally,
drug release curves were plotted.

2.5.3. Distribution of SCE-PSI-HAP in vivo. The SEM, PSD,
and zeta potential of optimal SCE-PSI-HAP preparations were
assessed. Then, their systemic distribution was investigated in an
animal model. Based on the formula, HAP and SCE were mixed
with water. Then, a 1 mg mL ™' Nile red ethanol solution was
prepared and mixed with the PSI solution, before being added to
the suspension containing HAP and SCE. Accordingly, Nile red
SCE-PSI-HAPs were prepared. Then, 12 female Kunming mice
(SPF grade, 4-6 weeks old, weighing 25-30 g) were divided into 4
groups: saline ig group, PSI-HAP ig group, saline iv group, and
PSI-HAP iv group. Before administration, the mice were fasted for
12 hours, but their water intake was not restricted. The mice
received 30 ug mL ' Nile red (200 pg kg™ ") via intragastric (ig) or
intravenous administration (iv). The mice were anesthetized (iso-
flurane inhalation) at 0.5 h, 1 h,2h,3 h,6 h,9 h,12 h, 24 h, 36 h,
and 48 h after administration and placed under a live fluores-
cence imager (NightOWL LB 983 in vivo Imaging System) for
observation and imaging (fixed excitation wavelength: 530 nm,
emission wavelength: 600 nm). This study was conducted with
approval from the Animal Ethics Committee of Mudanjiang
Medical University No. (IACUC-20221106-1). All applicable
international, national, and/or institutional guidelines for the
care and use of animals were followed.

2.6. Drug-loading and release capacities of PSI-HAPs loaded
with drugs having different dissolution and absorption
properties

The formulations of matrine-, itraconazole (ITZ)-, atenolol-, and
ketoprofen (KPF)-loaded PSI-HAPs were evaluated using a
single-factor experiment design and the BBD response surface
optimization method, with EE and DLC as outcome indicators.
Six batches of optimal drug-containing preparations were gen-
erated based on the selected formulation and process (MEM),
and the EE and DLC values were examined. Finally, the in vitro
drug release of different PSI-HAP preparations was determined.

3. Results and discussions

3.1.
HAPs

Characterization and drug-loading evaluation of different

As shown in Fig. 1A, the positions of the main characteristic
peaks of HAP prepared using different methods were broadly
consistent:**** the weak broad peak at around 3500 cm ™ * was
assigned to the -OH group, the phosphate v3 resonance was

7422 | Mater. Adv, 2024, 5, 7419-7431
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Fig. 1 (A) FT-IR spectra of HAP prepared via different methods; (B) SEM
images of HAP prepared via different methods.

centered at ~1036 cm ', and the phosphate v4 resonance pro-

duced peaks at ~605 cm ' and ~565 cm . As illustrated in
Fig. 1B, although the HAP prepared using different methods had
the same FT-IR characteristic peak positions, the micro-structure
was not the same. This may have contributed to differences in the
drug adsorption capacity of individual HAP particles (Fig. 2).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 EE (%) and DLC (%) of SCE-loaded HAP prepared via different
methods (n = 3). Note: EE = M; x 100/Mg, DLC = My x 100/(M1 + M), My is
the mass of the drug in the carrier, My is the total mass of the added drug,
and M, is the total mass of the blank carrier; SCE standard curve: A =
1.245C + 0.0636, R? = 0.9998. The linearity was good in the concentration
range of 0.05-1.0 mg mL™%, and the accuracy and precision of the method
met the requirements.

Drug-loading tests were performed for individual HAPs
prepared using MEM, LPR, PM, and HM, with SCE as the
model drug (Fig. 2). HAP prepared via MEM had the best
adsorption capacity (both EE and DLC) for SCE, followed by
HAP prepared via LPR and PM. However, it was relatively poor
for the HAP prepared using HM. From Fig. 2, we could
conclude that when the mass ratio of SCE and HAP was higher
than 1:1, DLC could be increased, but EE could not. Addition-
ally, as indicated by the SEM images (Fig. 1B), HAP nano-
particles prepared using the currently accepted preparation
methods did not exist as individual nanoparticles. Instead,
they showed an aggregated structure, which is likely to change
the physical stability of the preparation during storage. In
addition, HAP nanoparticles are likely to show a sudden initial
release of adsorbed drugs due to their presence on the surface
of HAP. In conclusion, we believe that individual HAP nano-
particles prepared in the study were not very suitable as drug
release carriers.

3.2. Preparation and characterization of PSI

As shown in Fig. 3A, the main characteristic peaks of PSI on FT-
IR were consistent with those reported previously:*® 3434 cm ™,
w, C=0 stretching vibrations overtone; 2948 cm ', m-w, O-H
stretching vibration of ~COOH; 1716 cm™ ", s, amide I (C=0
stretching vibration); 1395 ecm™', m, C-H sym deformation
vibration of -C-N-. As shown in Fig. 3B, PSI also appeared to
be an aggregate, making it challenging to be used as a drug

carrier alone.

3.3. Determination of the mass ratios of PSI coating and HAP

PSI and HAP could form relatively homogeneous spherical
particles only within a certain ratio. At ratios lower than this
optimal value, the amount of PSI was insufficient to prevent
HAP aggregation. Hence, only partial balling was possible.
Moreover, at ratios higher than the optimal value, there is too
much PSI, and large aggregates appear. Therefore, a certain
ratio was required for PSI and HAP to form more homogeneous

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Characterizations of PSI (A) FT-IR spectra of PSI; (B) SEM images
of PSI.

spheres. The mass ratio of PSI coating and HAP represented
a range of values that could be confirmed using SEM images.
As shown in Fig. 4A and B, the optimal mass ratio of PSI coating
and HAP was about 3:1 to 5:1 during the fabrication of PSI-
HAP with HAP prepared using MEM. Hence, during the fabrica-
tion of PSI-HAP with HAP prepared using LPR, the optimal mass
ratio of PSI coating and HAP was around 8:1 (Fig. 4C and D). As
shown in Fig. 4E and F, the optimal mass ratio of PSI coating
and HAP for PSI-HAP fabrication using HAP prepared via PM
and HM were around 20:1. In summary, the content of PSI
required for PSI-HAP preparation is dependent on the method
used for HAP preparation. When HAP is prepared using MEM, it
is easier to achieve nano particles, and lower amounts of PSI are
required. However, for HAP prepared using PM and HM, higher
amounts of PSI are required. The most likely reason is the micro-
structural differences in HAP created by the use of different
preparation methods. We suppose that looser HAP micro-
particle structures make it easier for PSI to break them up and
form spherical particles.

3.4. Pre-test drug loading of PSI-HAPs

According to the pre-test results (Fig. 5), when MEM and LPR
were used to prepare HAP, the EE of drugs was lower after PSI
coating than after drug adsorption by HAP alone (Fig. 2). This
may be because the balling of PSI and HAP breaks the aggrega-
tion of HAP, and thus, the drugs adsorbed on the surface may
re-enter the solution, resulting in a decreased EE. Interestingly,
this phenomenon was reversed in HAP prepared using other
methods (PM and HM). This may be attributed to the fact that
as the amount of PSI increases, some of the drug content is
repackaged into the preparation. The pre-test results indicated
that the amount of PSI used in the preparation of PSI-HAP via
PM with HM was excessive, which resulted in a low final DLC.
Therefore, only the SCE-loading and release performances of

Mater. Adv., 2024, 5, 7419-7431 | 7423
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PSI-HAP prepared via MEM and LPR were compared in the
following experiments.

3.5. Optimization of the formulation and preparation of SCE-
loaded PSI-HAP fabricated using MEM and LPR

3.5.1. Results of single-factor experiments. The effects of
sonication on drug adsorption in individual HAPs were
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detected. The SCE concentration was 10 mg mL ', and the
mass ratio of the drug to HAP was 2:1. The samples were
sonicated (50 W, 35 kHz) for 0, 1, 3, 5, and 10 min, respectively,
before mixing. After uniform mixing, the samples were centri-
fuged at high speed (12000 rpm), and the supernatant was
collected and fixed with the washing solution. As shown in
Fig. 6, sonication had some effect on the adsorption of SCE by
HAP alone, especially on HAP prepared using MEM. However,
the effect of sonication time on drug adsorption by HAP was
not significant, and the optimal sonication and mixing times
were determined to be 1-3 min in this study.

The SCE concentration was 10 mg mL ™" and the mass ratio
of the drug to HAP was 2: 1. The samples were sonicated (50 W,
35 kHz) for 3 min before mixing. After uniform mixing, a PSI
solution (200 mg mL ') was added dropwise at different PSI:
HAP ratios (3:1in MEM and 8: 1 in LPR) under different stirring
conditions. As shown in Fig. 7, stirring was found to be essential
for the nanospheroidization of PSI and HAP. Theoretically, a
higher stirring rate would promote rapid contact between PSI
and HAP. In practice, however, an overtly high stirring rate tends
to cause solution splashing. After a certain threshold, the stirring
speed does not significantly affect the EE of the preparation. In
this study, the stirring rate was set to 1000 rpm. As indicated,
sonication helped improve the encapsulation and loading of
SCE. Hence, sonication was included in the PSI-HAP preparation
process. Temperature had no significant effect on the
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Fig. 6 Effect of sonication time on the EE (%) and DLC (%) of HAP (n = 3).
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Fig. 7 Effects of the addition conditions of PSI (A) MEM; (B) LPR, n = 3.

encapsulation and drug-loading behaviors of PSI-HAP. Hence,
room temperature was selected for this process. In general, the
preparation of PSI-HAP was not strongly dependent on process
conditions such as ultrasound and temperature. This could
primarily be because the process through which PSI and HAP
formed nanoparticles was quite rapid.

With the above-mentioned influencing factors determined,
the effects of drug concentration (5 mg mL~", 10 mg mL ",
15mgmL ', 20 mg mL ™", 25 mg mL ™", 30 mg mL ") on the DLC
and EE of PSI-HAP were investigated. As indicated in Fig. 8, drug
concentration had a significant effect on the EE and DLC of PSI-
HAP. When the drug was in the mixed state, the EE and DLC
were relatively high, suggesting that the PSI-HAP-encapsulated
drug was not only in the solution state but also in the solid state.
This may also explain why the inclusion of sonication during the
preparation process increases drug loading, as sonication can
help in more uniformly dispersing the undissolved drug. PSI-
HAP prepared using both preparation methods had a good DLC
at a drug concentration of 25 mg mL ™",

After selecting a drug concentration of 25 mg mL ™' and
the above-mentioned preparation conditions, the effects of
HAP concentration (1 mg mL~', 5 mg mL™', 10 mg mL ",
15 mg mL ™', 20 mg mL ', 25 mg mL ', and 30 mg mL ") on
drug loading and encapsulation in PSI-HAP were investigated.
Overall, when HAP adsorbs drugs alone (see Fig. 3), the EE of
the dissolved drug (SCE concentration < 10 mg mL™') is
proportional to the HAP concentration, indicating that increas-
ing HAP concentration favors drug adsorption. Nevertheless,
the DLC is negatively related to the HAP concentration,
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Fig. 8 Effects of drug concentration on the EE (%) and DLC (%) of PSI-
HAP (n = 3).
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especially after PSI addition. Hence, the HAP concentration
should not be too high during the preparation of PSI-HAP. As
shown in Fig. 6, the EE of the water-dissolved drug in PSI-HAP
prepared using MEM and LPR was lower for HAP after PSI coating
than in HAP without a coat. This could be because the combi-
nation of PSI and HAP breaks the aggregation of HAP, resulting in
a partial re-dissolution of the HAP-adsorbed drug. However, drugs
in mixed suspension (SCE concentration > 10 mg mL ") exhibit
the opposite trend (see Fig. 9). Meanwhile, the EE of drugs from
mixed suspensions was proportional to the concentration and
content of HAP, but such an increase in the EE induced by
increasing contents of HAP and PSI had no positive effects on
the DLC of the PSI-HAP preparation. Additionally, the EE of drugs
in a mixed suspension of PSI-HAP prepared using MEM would
decrease drastically if the HAP concentration is too low and the
drug-to-HAP ratio is too high (25:1). The EE of the drug was
higher in the mixed suspension of PSI-HAP prepared using the
LPR method than in that of PSI-HAP prepared using MEM at a
constant HAP concentration. This may be attributed to the coating
of the drug by PSI when the PSI levels were high. Nevertheless,
such an increase in EE as a function of HAP concentration was
negligible. Likewise, such an increase in EE had no significant
effects on the DLC of the PSI-HAP preparation.

3.5.2. Determination of the SCE formulation of PSI-HAP
using the BBD. Based on single factors discovered, a BBD was
applied (Design-Expert 8.0) using three independent variables
(Table 1): concentration of SCE (A), mass ratio of SCE to HAP
(B), and mass ratio of PSI to HAP (C).
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Fig. 9 Effects of HAP concentration on the EE (%) and DLC (%) of PSI-
HAP (n = 3).
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Table 1 Experimental conditions of the BBD for the preparation of PSI—
HAP using MEM and LPR

Independent variables Process factors Level

MEM Concentration of SCE, Cscg (mg mL™") A 1
Mass ratio of SCE to HAP, mgcg: Myap B
Mass ratio of PSI to HAP, mpg;: Myap C

5
2
3
LPR Concentration of SCE, Cscg (mg mL™") A 15 2
2
7

Mass ratio of SCE to HAP, mgcg: Myap B
Mass ratio of PSI to HAP, mpg;: Myap C

As shown in Table 2, when EE was selected as the response
using MEM to prepare SCE-PSI-HAP, the p-value of individual
factor A (Cscg), B (Msce : Muap) Was <0.001. The p-value of A%,
B?, and interaction items AB was <0.05, while the other factors
were not significant. This indicated that the SCE concentration
(A) and the mass ratio of SCE to HAP (B) had a significant effect
on the EE. Furthermore, the F values showed that the order of
factors affecting drug loading was B > A > C (Mps;: Myap),
meaning that the mass ratio of drug to HAP (B) had the most
significant effect on the EE, while the mass ratio of PSI to HAP
(C) had no significant effect. When DLC was selected as the
response, the p-value of A, B, C, and B> was <0.001, suggesting
an extremely significant effect on DLC. The p-value of AB, A?,
and B® was <0.05, while the other factors were not significant.
The F value indicated that the order of factors affecting DLC
was B > C > A, but all three factors had a significant impact on
DLC. The mass ratio of the drug to HAP (B) remained the most
significant factor for DLC. The mass ratio of PSI to HAP (C) also
had a significant impact on DLC (Table 2). For EE following
LPR, the p-value of B and A® was <0.001, and that of A and C>
was <0.05. The other factors had no significant impact. The
order of Fvalues was B > A > C, similar to that observed with
MEM. For DLC following LPR, the p-value of B and A®> was
<0.001, while the p-value of A, C, B?, and C* was <0.05. The
order of F values was still B > C > A, similar to MEM.

As shown in Table 3, both the multivariate correlation coeffi-
cients (R?) were above 95%, indicating that the correlation between
them was significant. The difference between Adj R* and Pred R*
for EE and DLC was less than 0.2, indicating that the regression

Table 2 p-Values and F values of different PSI-HAP preparation methods
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Table 3 Model summary statistics

MEM LPR
Response EE DLC EE DLC
R’ 0.9407 0.9506 0.9753 0.9951
Adj R? 0.8644 0.8870 0.9436 0.9889
Pred R* 0.3458 0.3313 0.7235 0.9765
Adequate precision 11.617 11.851 17.713 43.223
C.V.% 9.84 11.19 5.92 3.39

model developed by the BBD method could adequately describe the
process. The CV was <10%, indicating high experimental con-
fidence and accuracy. Adeq precision, the ratio of signal to noise, is
considered reasonable when the value is greater than 4. Moreover,
the fitted regression equation met the above test principles and was
well adapted. The 3D response surface plots of all the responses
showing the effects of different factors are presented in Fig. 10.

The resultant optimized formulation for MEM was: Cscg =
29.24 mg mL ™, mgcg : Myap = 6, and Mpg; : Mgap = 4.03. Under
these conditions, the experimental results showed that the EE was
equal to 29.14%, while the DLC was equal to 25.00%. The resultant
optimized formulation for LPR was: Cscg = 32.62 mg mL ™Y, mgcg:
Myap = 5.2, and Mpg: Myap = 7.93. Under these conditions, the
experimental results showed that the EE was equal to 31.83%,
while DLC was equal to 15.45%.

The EE and DLC of the six batches of samples (SCE-PSI-HAP)
with a 100-fold higher drug mass were measured. As shown in
Table 4, after 100-fold formulation amplification, the EE and DLC
of the PSI-HAP prepared using MEM were about 21% and 20%,
respectively. Meanwhile, the EE and DLC of the PSI-HAP prepared
using LPR were about 28% and 14%, respectively.

3.6. Pharmaceutical properties of PSI-HAPs prepared using
MEM and LPR with SCE as the model drug

3.6.1. In vitro drug release test. According to the release
curves (Fig. 11), the PSI-HAP prepared using both MEM and
LPR was sensitive to pH. At low pH (pH = 2.0 and 4.8), both PSI-
HAP prepared using MEM and LPR showed low release, and
most of this release occurred within 5 h. This could be
attributed to the surface distribution of the drug. Once the

MEM LPR

EE DLC EE DLC
Source p-Value F value p-Value F value p-Value F value p-Value F value
Model 0.0016 12.33 0.0009 14.95 <0.0001 30.72 <0.0001 159.52
A 0.0054 15.76 0.0048 16.46 <0.0001 77.04 <0.0001 280.28
B 0.0038 17.99 0.0001 57.72 0.0001 57.40 <0.0001 604.99
C 0.1867 2.14 0.0320 7.13 0.0488 5.67 <0.0001 84.56
AB 0.0174 9.60 0.0196 9.07 0.0038 18.06 <0.0001 121.11
AC 0.8976 0.018 0.6418 0.24 0.8022 0.068 0.1933 2.07
BC 0.3903 0.84 0.9196 0.011 0.0038 18.04 0.0176 9.53
A? 0.0001 59.67 0.0004 39.58 0.0003 42.74 <0.0001 115.96
B? 0.9115 0.013 0.2283 1.74 0.0368 6.62 <0.0001 85.72
c? 0.1190 3.15 0.4203 0.73 0.0003 41.82 <0.0001 96.59
Lack of fit 0.1952 2.54 0.0518 6.45 0.1830 2.67 0.7657 0.39

Note: p-values >0.05 are not significant, p-values <0.05 are significant, and p-values <0.001 are extremely significant.
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Fig. 10 3D-response surface plot for optimization of the prepared formulations ((A) MEM; (B) LPR.

PpH exceeded 6.8, drug release started to increase significantly.
Indeed, the 72-h release from PSI-HAP prepared using MEM at
pH values of 6.8, 7.4, and 8.0 was about 89%, 98%, and 93%,
respectively. Meanwhile, the 72-h release from PSI-HAP pre-
pared using LPR at these pH values was about 59%, 65%, and
63%, respectively, significantly lower than that observed with
MEM. This could be attributed to the high concentration of PSI
in the LPR case, which limits the release of drugs from the
preparation. Overall, the results confirmed that PSI-HAP pre-
pared using MEM is more suitable for drug loading.

3.6.2. Results of in vivo experiments. As shown in Fig. 12,
no fluorescence could be observed in vivo in the saline intra-
gastric administration (ig) group after 3 h and in the saline

Table 4 EE (%) and DLC (%) of SCE-PSI-HAP prepared using MEM (n = 6)

MEM LPR
Batches EE, % DLC, % EE, % DLC, %

1 21.06 20.05 27.09 13.63

2 22.39 21.05 28.08 14.04

3 21.26 20.20 27.49 13.80

4 21.72 20.55 28.28 14.14

5 19.59 18.92 30.35 15.02

6 21.13 20.11 28.75 14.35
X+SD 2119 +0093 20.15+ 0.71 2834 +1.15 14.16 & 0.49

© 2024 The Author(s). Published by the Royal Society of Chemistry

intravenous administration (iv) group after 4 h. Strong fluores-
cence could be observed in the abdominal organs of mice from
3 h to 9 h, but it almost disappeared at 12 h in the ig group.
Unlike the ig group, the iv group showed fluorescence at 12 h,
and the fluorescence only disappeared at 24 h. Fluorescence
distribution in the organs was weaker in the iv group, but the
retention time was longer than that in the ig group. However,
the retention time of PSI-HAP in animals was significantly
longer in both the ig and iv groups than in the saline group.

3.6.3. Characterization of the final SCE-PSI-HAP preparation.
As shown in Fig. 13, the particle size and zeta potential of the final
SCE-PSI-HAP (MEM) preparation were 162.9 nm and —16.7 mV,
respectively, and its charge properties were similar to those of
human biofilm.

3.7. Drug-loading abilities of PSI-HAP prepared using MEM
for drugs with different dissolution and absorption properties

3.7.1. Formulations determined using the BBD. As shown
in Table 5, HAP and drug concentrations had a more significant
effect on the drug loading of PSI-HAP preparations than the
mass ratio of PSI to HAP. The formulations of different drugs
are shown in Table 5. The results also suggested that a lower
concentration of HAP and a lower value of mpg;: myap Were
usually conducive to drug loading in PSI-HAP.

Mater. Adv,, 2024, 5, 7419-7431 | 7427
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Fig. 12 Distribution of SCE-PSI-HAP in vivo (MEM).

The characteristics of the PSI-HAP preparations fabricated
using the formulations optimized by the BBD are shown in
Table 5. The best EE and DLC were observed for ITZ-PSI-HAP,
and it could reach nearly 50% (Table 6).

3.7.2. Invitro release. As indicated in Fig. 14, all the PSI-
HAP preparations could release drugs within 72 h. The release
rate of PSI-HAP was relatively faster for drugs with high
solubility (Fig. 14A) than for drugs with low solubility. Similar
to SCE-PSI-HAP (Fig. 11A), release curves showed that all these

Size Distrituion by Intensity

Table 5 Formulations determined using the BBD

Drug
Formulations Matrine 1TZ Atenolol KPF
Cprug (Mg mL ™) 24.11 10 25.57 30
Cuap (mg mL ™) 5 1 1 10
Mpgy : Myap 3.61 3 5 3

PSI-HAP preparations were sensitive to pH. At low pH values
(pH = 2.0 and 4.8), all PSI-HAP preparations showed little
release, most of which occurred within 5 h.

The preparation of PSI-HAP is very simple and requires mild
conditions. It also has a certain degree of ambiguity (the mass
ratio of PSI coating and HAP is within a certain range of
excipient concentrations; thus, there is a low degree of operator
accuracy and a wide tolerance for different preparation condi-
tions). Compared with other reported nano DDSs, PSI-HAP or
X-PSI-HAP (PSI derivatives, where X is a molecular group with
different in vivo functions; e.g., PEG, antibody, ligand, tempera-
ture sensitive, pH sensitive or other functional molecular
groups) possess several advantages: (1) HAP has a good drug
adsorption capacity, but nano HAP particles can easily aggregate
into clusters. Meanwhile, the drugs adsorbed on the HAP surface
often show burst release. However, after PSI or X-PSI coating
on HAP, the aggregation of HAP particles and the burst release
of drugs can be avoided. (2) The preparation of PSI-HAP or

Zeta Potential Distribution
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Fig. 13 Characterization of the final SCE-PSI-HAP preparation (MEM). (A) SEM image; (B) PSD image; (C) Zeta potential image.
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Table 6 EE (%) and DLC (%) of the SCE-PSI-HAP preparations (n = 6)
Matrine 1TZ Atenolol KPF
Batches  EE, % DLC, % EE, % DLC, % EE, % DLC, % EE, % DLC, %
1 46.62 32.82 49.30 55.21 17.57 42.26 21.92 14.12
2 49.51 33.97 49.06 53.54 19.20 44.13 23.46 14.92
3 45.11 31.91 46.42 53.72 18.54 42.78 21.10 13.65
4 49.26 33.94 47.11 53.36 18.60 43.45 24.75 15.59
5 49.03 33.75 48.03 53.35 17.18 41.32 22.96 14.77
6 48.73 33.61 45.29 51.88 17.37 41.58 21.41 13.86
X+ SD 48.04 £+ 1.77 33.33 £ 0.81 47.54 £+ 1.56 53.51 £+ 1.06 18.08 £ 0.81 42.59 £ 1.08 22.60 £ 1.39 14.49 £+ 0.74

X-PSI-HAP is very simple and stable, and no complex or
expensive instruments or equipment are required. Only two
kinds of excipients (PSI or X-PSI and HAP) are required for the
preparation, and uniform nanoparticles can form very quickly
after the two excipients are mixed in a solution under stirring
and ultrasound treatment. (3) Modification of the PSI coating (X-
PSI) can also provide the DDS with different targeting properties.
X-PSI can be derived very easily by mixing PSI and X functional
groups containing the -NH, end-group, without any catalytic
agent or other reagent in the solution. In addition, PSI and its
derivatives as well as HAP can be degraded and absorbed in vivo,
making PSI-HAP suitable for multiple routes of administration,
including oral administration, implants, inhalation, and injec-
tion. The proposed DDS is especially suitable as a novel carrier
for proteins and anti-tumor drugs from a design perspective.
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Moreover, it can potentially be used for loading nucleic acid
drugs, providing a new delivery route for these agents.

The synthesis of the excipients PSI and HAP is quite simple
and inexpensive compared with currently available nanodrug
delivery systems (e.g., lipids, emulsions, and solid lipid nano-
particles), and the excipients can be sterilized via high-
temperature heating during the synthesis process. HAP can
be synthesized from inorganic salts containing only Ca and P.
The synthesis of PSI is a one-step reaction, and no impurities
are produced during the entire process. Neither the synthesis of
excipients nor the production of formulations requires complex
equipment or harsh process conditions. Hence, this process is
extremely conducive for practical production and is expected to
solve the current problem of the difficulty in producing and
transforming drug nano-delivery systems. As a novel drug
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carrier, the research on PSI-HAP drug delivery systems remains
in the preliminary stage. More in-depth studies and continuous
improvements in drug loading, pharmacodynamics, and safety
are required in the future.

4. Conclusions

A novel nano-sustained-release DDS PSI-HAP was prepared in
this study. The proposed preparation has a HAP core-PSI
coating structure. When polymeric organic compounds (e.g.,
polylysine, chitosan, and hyaluronic acid) are used as coating
agents for HAP nanoparticles, they do not possess the
nanoparticle-forming properties of PSI and HAP. The easy mod-
ification of PSI provides more variability to the PSI-HAP drug
delivery system, and after its modification using specific direc-
tional molecules, an active targeted drug delivery system with
varied tissue- and cell-targeting capabilities can be obtained, thus
enabling more accurate drug delivery performance. The PSI-HAP
delivery system has a better DLC and is easier to sterilize and
produce at scale. It can be used to design and prepare novel
functional DDSs at a lower cost. In particular, both PSI and HAP
nanoparticles exert antitumor effects and can be used to load gene
drugs (e.g, nucleic acids and proteins) and could be suitable for
the delivery of genes and anti-tumor drugs in vivo.
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