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Objective: The current study sought to design a quickly dissolving, high drug loading 

nanocrystal-based solid dispersion (NC-SD) in order to improve the dissolution of poorly 

soluble drugs.

Methods: The NC-SD was prepared by means of combination of homogenization and spray-drying. 

Polymer hydroxypropylmethylcellulose (HPMC) was used as baseline dispersant for NC-SD of the 

model drug – andrographolide (AG). Three superdisintegrants cohomogenized with HPMC were used 

as codispersant for AG-NC-SD and compared to common water-soluble dispersants – mannitol and 

lactose. The dissolution characterization and oral bioavailability of AG-NC-SD were evaluated.

Results: The AG-NC-SD with the higher concentration of HPMC exhibited fast dissolution due 

to the enhanced wettability of HPMC. The water-soluble codispersants (mannitol and lactose) did 

not completely prevent AG-NC from aggregation during spray-drying. To achieve much faster 

AG release, cohomogenized superdisintegrants at a level of 20% must be used along with 25% 

HPMC. Compared with water-soluble dispersants like mannitol and lactose, superdisintegrants 

with high swelling capacity were much more effective dispersants for enhancing fast redisper-

sion/dissolution of AG-NC-SD via a swelling-triggered erosion/disintegration mechanism. 

Surfactant-free AG-NC-SD with 15% cohomogenized sodium carboxymethyl starch combined 

with 15% HPMC and 10% lactose enhanced the dissolution further, without comprising drug 

loading, exhibited a barely compromised dissolution rate compared to precursor NC suspen-

sions (f
2
.50), and possessed drug loading up to 67.83%±1.26%. The pharmacokinetics results 

also demonstrated that the AG-NC-SD significantly improved the bioavailability in vivo of AG 

(P,0.05), compared with to the coarse AG. 

Conclusion: This study illustrates that a quickly dissolving, high drug load, surfactant-free 

NC-SD can be prepared by using a superdisintegrant as codispersant, and provides a feasible 

strategy to improve the oral bioavailability of poorly soluble drugs.

Keywords: nanocrystal-based solid dispersion, nanocrystals, andrographolide, superdisintegrant, 

dissolution, bioavailability

Introduction
Nanocrystals (NCs) in the form of aqueous nanosuspensions are considered one of the most 

valuable approaches to formulation of poorly soluble drugs (Biopharmaceutical Classifica-

tion System class II drugs), which has numerous advantages in increasing the solubility 

and dissolution velocity of poorly soluble drugs attributed to their small particles ,1 μm 

in diameter and large specific surfaces.1–3 Due to physical stability issues associated with 

drug-NC suspensions, such as particle-size growth and aggregation upon milling and 

prolonged storage,4,5 and in view of patient compliance/preference, NC suspensions have 
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to be converted into dried NC-aggregated particles by means 

of specialized techniques – spray-drying or freeze-drying – 

which has been increasing in attractiveness.6,7 However, the 

main challenge is that dried NC-aggregated particles must 

have the ability to recover their original nanosuspensions 

and improve the dissolution of poorly soluble drugs.8–10

Combinations of soluble polymers, sugars, and surfactants 

have been shown to be effective in stabilizing drug nanosus-

pensions.11 This combination allowed for fast recovery of 

drug NCs from NC-aggregated particles.12,13 However, despite 

their effectiveness as dispersants, surfactants could pose 

several challenges, such as aggregation of drug nanoparticles 

in suspensions during milling/storage and low drug loading 

capacity (most ,20%, seldom .50%).14,15 For example, van 

Eerdenbrugh et al combined microcrystalline cellulose and 

d-α-tocopheryl polyethylene glycol 1000 succinate to use as 

dispersants for redispersible itraconazole NCs. d-α-Tocopheryl 

polyethylene glycol 1000 succinate and microcrystalline cel-

lulose had to be used at $50% w:w (50% drug loading) 

and 200% (31.3% drug loading) with respect to the drug to 

achieve immediate itraconazole release.16 Azad et al17 used a 

hydroxypropylmethylcellulose (HPMC)/polyvinylpyrrolidone 

(PVP)–sodium dodecyl sulfate combination to achieve fast dis-

solution from itraconazole nanocomposites, with drug loading 

of 14.9%. Fu et al prepared spray-dried allisartan isoproxil 

NCs that had relative high drug loading of 61.7% and excellent 

redispersibility, but it was mainly attributed to the addition of 

surfactant sodium dodecyl sulfate of 6.17%.18 Additional chal-

lenges associated with the use of anionic surfactants include 

incompatibilities with other ionic molecules, sensitivity to 

pH, salt, or temperature changes, gastrointestinal tract irrita-

tion, and even toxicity when used in excess.19–21 In view of 

the aforementioned issues, surfactant usage should be mini-

mized to mitigate all potential negative impact. Sugars (eg, 

sucrose, lactose), sugar alcohols (eg, mannitol, sorbitol), and 

water-soluble polymers (eg, hydroxypropylcellulose, HPMC, 

PVP, and polyethylene glycol) have been used widely in NC-

aggregated particle formulations as dispersants.22,23 However, 

in the absence of surfactants, sugars and sugar alcohols may 

have to be added in high concentrations up to 1,000% w:w with 

respect to drug NCs to ensure fast release from NC-composite 

particles.24–26 Such a high concentration of dispersants could 

minimize the loading capacity of drug-NC particles. Com-

bination of excellent dispersants used as the matrix of NCs 

is very crucial to reduce irreversible drug-NC aggregation 

during solidification and enhance drug loading.27

Solid dispersion (SD) is an effective dispersion technique 

to improve the dissolution rate of poorly soluble drugs, which 

are usually dispersed in the SD matrix in the molecule or 

amorphous state.28 Unfortunately, the poor physical stability 

and low drug loading (,20%) of SD have severely limited 

the widespread application of this technology.29 Combinations 

of NCs and SD technology may be a very interesting strategy 

for solidification of NC suspensions. In this work, to enhance 

drug loading and redispersibility of NCs, an NC-based SD 

(NC-SD) was developed by dispersing NCs into special 

matrix formers, which was expected to have dual advantages 

of NCs and SD. As shown in Figure 1, superdisintegrants, 

Figure 1 chemical structure of the drug and dispersants.
Abbreviations: ag, andrographolide; cMs, croscarmellose sodium; cPD, crospovidone; hPMc, hydroxypropylmethylcellulose; scs, sodium carboxymethyl starch.
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ie, crospovidone (CPD), croscarmellose sodium (CMS), 

and sodium carboxymethyl starch (SCS), are cross-linked 

semisynthetic or synthetic polymers with high swelling 

capacities, which are used widely for fast disintegration of 

pharmaceutical tablets.30,31 Bhakay et al32 coated wet comilled 

griseofulvin–CMS suspensions on Pharmatose via a fluidized 

bed processor, and yielded griseofulvin nanocomposites with 

relatively low drug loading (,13% w:w) for enhancing drug-

nanoparticle release/dissolution. Chaulang et al used SCS as a 

matrix for furosemide SD at a ratio of 1:1, and the SD prepared 

significantly improved dissolution (5.8-fold) with relatively 

high drug loading (33.3%).33 Fujii et al used CPD as a carrier 

to prepare indomethacin SD with ,40% loading, and the 

amorphous indomethacin SD prepared improved dissolution 

significantly.34 Therefore, superdisintegrants might be good 

alternative dispersants for production of NC-SD with excellent 

dissolution and high drug loading of poorly soluble drugs.

As the model drug in this work, andrographolide (AG; 

Figure 1) has been reported to possess pharmacological activi-

ties, including antibacterial, anti-inflammatory, and particularly 

anti-respiratory infection and anti-dysentery activity.35,36 Unfor-

tunately, AG exhibits poor solubility in water and relatively 

high permeability, the poor dissolution most responsible for 

its poor bioavailability.37,38 To overcome these issues, several 

formulation approaches have been developed, such as SD, 

nanocomposite particles, and dried nanosuspensions. Although 

the bioavailability of AG has been improved to some extent, 

its drug loading is not very high, ie, 20% for AG-PVP SD,39 no 

more than 50% for nanocomposite particles,40,41 and 23% for 

dried nanosuspensions.42 Our current study firstly elucidated an 

attempt to design an NC-SD with a combination of polymers 

stabilizer and superdisintegrants as matrix dispersant, in order 

to enhance the drug loading, redispersibility, and bioavailability 

of drug NCs. The main purposes of this study were to prepare an 

AG-NC suspension (AG-NS), and convert it into an AG-NC-SD 

by spray-drying. The polymer HPMC, alone and in combina-

tion with superdisintegrants (CPD, CMS, and SCS; Figure 1) 

or polyols (mannitol and lactose), was used as codispersant, 

and performance compared for preparation of an AG-NC-SD. 

We also aimed to evaluate the particle size and morphology of 

the AG-NC-SD by laser diffractometry and scanning electron 

microscopy, investigate the solid state of bulk AG and the AG-

NC-SD by means of differential scanning calorimetry (DSC) 

and X-ray diffraction analyses, and evaluate the dissolution 

characterization and oral bioavailability of the AG-NC-SD.

Methods
SCS (DST type A) was purchased from Chineway Phar-

maceutical (Shanghai, China). CMS (Kiccolate), and 

CPD (Kollidon CL-F) were donated by Fengli Jingqiu 

Pharmaceutical (Beijing, China). HPMC was donated by 

Anhui Sunhere Pharmaceutical Excipients (Huainan, China). 

AG (purity .95%) were purchased from Zelang Medical 

Technology (Nanjing, China). Lactose and mannitol were 

obtained from Damao Chemical (Tianjin, China).

Preparation of ag Nc-sD
Formulations of the AG-NS are listed in Table 1. Selection 

of homogenization conditions and formulations was guided 

by our prior work on homogenization.40,41 According to for-

mulations as listed in Table 1, AG 10% (w:v), and HPMC% 

(w:w, relative weight to drug) were first dispersed in 100 mL 

water as dispersion medium. The suspensions obtained were 

further disintegrated by a high-shear homogenizer (FA25; 

Fluko, Shanghai, China) at 19,000 rpm for 5 minutes. Then, 

the prepared coarse AG suspension was homogenized at 

1,000 bar for 30 cycles with a piston-gap high-pressure 

homogenizer (AH-1000D; ATS Engineering, Brampton, 

ON, Canada). Then, AG-NSs were obtained. In addition, two 

conventional soluble dispersants (mannitol and lactose) and 

three superdisintegrants (CPD, CMS, and SCS) was used as 

codispersants. They were dispersed in AG-NS and further 

homogenized at 600 bar for 30 cycles. After that, the treated 

AG-NSs were spray-dried with a mini-spray-dryer (B290; 

Table 1 Formulations and drug loading of the Nc-sD

Sample HPMC 
(% w:w)a

Combined 
dispersants 
(% w:w)a

Theoretical 
drug 
loading (%)b

Assayed 
drug 
loading (%)b

s1 15 0 86.96 83.14±4.09
s2 25 0 80.00 77.16±3.86
s3 50 0 68.97 64.57±3.53
s4 85 0 54.05 50.38±1.16
s5 25 20 mannitolc 68.97 67.15±2.42
s6 25 40 mannitolc 60.61 55.57±2.63
s7 25 60 mannitolc 54.05 51.95±1.89
s8 25 20 lactosec 68.97 66.12±1.49
s9 25 40 lactosec 60.61 58.12±0.59
s10 25 60 lactosec 54.05 52.87±1.08
s11 25 10 cMsd 74.07 72.63±2.05
s12 25 20 cMsd 68.97 66.28±1.54
s13 25 10 cPDd 74.07 71.37±2.89
s14 25 20 cPDd 68.97 66.37±2.43
s15 25 10 scsd 74.07 73.25±2.05
s16 25 20 scsd 68.97 65.27±1.17
s17 15 15 mannitol,c 15 scsd 68.97 67.83±1.26
s18 15 15 lactose,c 15 scsd 68.97 67.71±1.32

Notes: aWeight of dispersants with respect to weight of ag; bweight of ag with 
respect to weight of ag-Nc-sD (data presented as mean ± standard deviation); cadded 
to suspension after homogenization; dcohomogenized with ag-Ns after swelling.
Abbreviations: ag, andrographolide; cMs, croscarmellose sodium; cPD, 
crospovidone; hPMc, hydroxypropylmethylcellulose; Nc, nanocrystal; Ns, Nc 
suspension; s, sample; scs, sodium carboxymethyl starch; sD, solid dispersion.
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Büchi Labortechnik AG, Flawil, Switzerland). Process 

parameters were inlet temperature 120°C, outlet temperature 

57°C–83°C, aspiration rate 55%, pump speed 10%, and 

atomizing airflow 50 mmHg. The AG-NC-SD was deposited 

at the bottom of the collector. Then, the AG-NC-SD collected 

was further evaluated.

Particle size of ag-Ns
Diameters of freshly redispersed AG-NC-SD were mea-

sured with a Mastersizer Microplus (Malvern Instruments, 

Malvern, UK) with a working range of 0.05–550 mm. 

Analysis of diffraction patterns was done according to the 

Mie model (particle refractive index 1.67). Average 10%, 

50%, and 90% volume percentiles (D
10

, D
50

, and D
90

) were 

determined to assess variation in particle sizes. All measure-

ments were performed in triplicate.

Viscosity of ag-Ns
The viscosity of the selected dispersion solutions was deter-

mined at 30°C by an LVDV-II + Pro viscometer (Brook-

field Engineering Laboratories, Middleboro, MA, USA). 

Measurements were performed in triplicate, and the average 

was calculated.

Determination of drug wettability
The wettability of different dispersants solutions on AG was 

evaluated by the contact angle of the drug:43
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where θ is the contact angle, θ
e
 the quasiequilibrium 

contact angle, θ
i
 the initial contact angle, t the measuring 

time, and k the wetting index, which is used to evaluate 

wetting ability. Contact angle was characterized by the 

sessile-drop technique with a goniometer (OCA20; Data-

Physics, Filderstadt, Germany). Compressed disks of the 

AG powders were made at 30 MPa compression force by 

means of a laboratory powder press (769YP-15A; Keqi 

High and New Technology, Tianjin, China). The tangent of 

the droplet on the disk surface was measured to determine 

the contact angle.

redispersibility of ag-Nc-sD
The redispersibility index (RDI) of AG-NC-SD was 

calculated:43

 

RDI
0

=
D

D
 

where D
0
 is the volume-weighted (D

50
) mean particle size of 

the precursor AG-NS directly prior to spray-drying and D the 

corresponding value of redispersed NCs from spray-dried 

AG-NC-SD. An RDI of near 1 indicates that AG-NC-NP 

can recover completely back to the original AG-NS after 

rehydration.

scanning electron microscopy
Morphology of the spray-dried AG-NC-SD was evaluated 

using scanning electron microscopy (X650; Hitachi, Tokyo, 

Japan). Samples were glued and solidified on metal sample 

plates by means of double-sided carbon tape. All samples 

were gold-coated (thickness ~15–20 nm) by means of a 

sputter coater (Fisons Instruments, Ipswich, UK). Electrical 

potential was set as 2 kV at 25 mA for 10 minutes.

Dsc
A DSC analyzer (Diamond; PerkinElmer, Waltham, MA, 

USA) was used to determine the peak melting temperature 

of the coarse AG, dispersants, and representative AG-NC-SD 

formulations (sample [S]4, S7, S10, S12, and S18). Powder 

samples of 6–7 mg were weighed before being placed in 

a sealed perforated aluminum pan and heated from 20°C 

to 260°C at a rate of 10°C/min. Nitrogen was used as the 

purge gas and protective gas at flow rates of 50 mL/min and 

150 mL/min, respectively.

X-ray powder diffraction (XrPD)
The crystallinity of coarse AG, dispersants, and the rep-

resentative AG-NC-SD formulations (S4, S7, S10, S12, 

and S18) was analyzed using XRPD (Panalytical, Almelo, 

Netherlands). Samples were scanned for 2θ at 5°–90° at a 

scan rate of 0.2°C/min. Measurements were performed at a 

voltage of 40 kV and 25 mA.

Drug loading determination and drug 
release evaluation of ag-Nc-sD
The concentration of AG in the sample was assayed by high-

performance liquid chromatography (HPLC) according to a 

reported method.44 Chromatographic separation was achieved 

on Hypersil ODS2 (25 mm×4 mm, 5 μm). Chromatographic 

conditions were set as detection wavelength 225 nm, mobile 

phase methanol–water (60:40 v:v), injection volume 20 μL, 

flow rate 1 mL/min, and temperature 30°C.

Dissolution experiments on AG-NC-SD were performed 

using an RC8 dissolution apparatus (Guoming Medicine and 

Equipment, Tianjin, China) according to the 2015 Chinese 

pharmacopoeia paddle method and compared with those 
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of AG-NS and coarse AG. A representative AG-NC-SD 

containing an equivalent AG dose of 20 mg was weighed and 

added to 900 mL pure water. The dissolution medium was 

maintained at 37.0°C±0.1°C, and a paddle speed of 100 rpm 

was used. After addition of the AG-NC-SD, a 2 mL sample 

was withdrawn and equal blank medium compensated 

immediately. Withdrawn samples were filtered through a 

0.22 μm-filter membrane and determined by HPLC.

Dissolution profiles are expressed as mean ± SD. The 

similarity factor ( f
2
)45 was used to assess differences in dis-

solution profiles of AG-NC-SDs (S1–S18):
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where R
i
 represents the dissolution concentration of the 

compared formulation at a predetermined time, T
i
 the dis-

solution concentration of the developed formulation at a 

predetermined time, and n the number of dissolution time 

points. Generally, if ƒ
2
 is much more than 50, the dissolu-

tion profile of the developed formulation is not significantly 

different from that of the reference formulation.

In vivo pharmacokinetic study of 
ag-Nc-sD
Pharmacokinetic characterization of the AG-NC-SD (S18) 

was compared with crude AG and the precursor AG-NS 

(S1). This study protocol was approved by the institutional 

ethics committee of Jiangxi University of Traditional Chinese 

Medicine. Animal welfare and experimental procedures were 

performed strictly in accordance with the Guide for the Care 

and Use of Laboratory Animals and the ethics regulations 

of the university.

The rats were housed at 25°C±2°C with 50%±10% rela-

tive humidity and a 12-hour light–dark cycle. They were 

permitted free access to food and water until 12 hours prior 

to experiments. Male Wistar rats with an average weight of 

200±20 g were fasted for 12 hours before administration. 

Eighteen rats were randomly divided into three groups of six 

animals each. AG-NC-SD, AG-NS, and crude AG dispersed 

in water were administered orally at a dose of 20 mg/kg. 

At predetermined intervals of 0.25, 0.5, 1, 1.5, 2, 3, 4, 6, 9, 

12, 15, and 24 hours, 0.25 mL blood samples were collected 

by retro orbital puncture. Plasma was obtained from whole 

blood in heparinized tubes via centrifugation at 4,000 rpm for 

15 minutes and frozen at -20°C until analysis. AG plasma 

concentrations were determined by a validated HPLC–

tandem mass-spectrometry method.42 Glipizide was used as 

the internal standard (IS). Full-scan spectra showed parent 

ions at m/z 395.10 for AG and m/z 444.1 for IS. An elution 

system of acetonitrile:0.1% formic acid solution (15:85 v:v) 

was used at a flow rate of 0.2 mL/min. Retention times for 

AG and IS were 2.8 and 3.2 minutes, respectively. The main 

pharmacokinetic parameters were calculated by DAS 2.0 

software (Mathematical Pharmacology Professional Com-

mittee of China). Analysis of variance was carried out using 

SPSS Statistics 21 software. Differences were considered 

statistically significant at P,0.05.

Results and discussion
Influence of dispersants on preparation 
of ag-Nc-sD
The freshly prepared AG NSs were spray-dried into 

the NC-SD. Theoretical and actual drug contents of the 

AG-NC-SD are presented in Table 1. The results showed 

that AG-NZ-SDs with high drug loading (50%–85%) were 

prepared by spray-drying, and most of the AG-NC-SDs had 

higher drug loading than those reported in the literature. Par-

ticle sizes (D
10

, D
50

, and D
90

) of the AG-NS after homogeniza-

tion and redispersed AG-NS from spray-dried AG-NC-SD are 

shown in Figure 2A and B, respectively. Particle sizes of the 

AG-NS (S1–S18) after homogenization were 0.112–0.141 μm 

(D
10

), 0.428–0.846 μm (D
50

), and 0.786–25.23 μm (D
90

). 

Particle sizes of the redispersed AG-NS after spray-drying 

were 0.127–0.536 μm (D
10

), 0.452–2.821 μm (D
50

), and 

0.881–40.78 μm (D
90

). These results indicated that the 

different dispersants significantly influenced the particle size 

of AG-NS after homogenization and spray-drying.

roles of hPMc
Figure 2A shows that AG-NS (S1) stabilized by only 15% 

HPMC (w:w relative to drug) was successfully prepared by 

homogenization, which resulted in the formation of NCs with 

D
50

 particle size of 467±16 nm, and D
90

 size of 876±11 nm 

(,1 μm). With increased HPMC concentration from 15% to 

85% (S2–S4), AG-NS particle size decreased (S2 432 nm, S3 

428 nm, S4 426 nm), which indicated that 15% concentration 

of HPMC as a steric stabilizer was sufficient to prevent aggre-

gation of AG-NC during homogenization. This was related to 

the wettability and viscosity of HPMC. Table 2 shows viscos-

ity and wettability properties of various dispersant solutions. 

The results demonstrated that 15% HPMC solution exhibited 
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Figure 2 Particle size (μm) of freshly prepared ag-Ns (A) and redispersed ag-Ns from ag-Nc-sD (B) with different dispersants.
Note: D10, D50, and D90 are the average 10%, 50%, and 90% volume percentiles, respectively.
Abbreviations: ag, andrographolide; Nc, nanocrystal; Ns, Nc suspension; s, sample; sD, solid dispersion.
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a higher wettability-index value (k=0.212) compared to pure 

water (0.059), which likely adsorbed on the surface of the 

AG-NC, and imparted some steric stability and enhanced 

wettability. However, with increased HPMC concentrations 

in solution, the viscosity of dispersion solutions increased 

substantially, which could have driven a decrease of particle-

size-reduction efficiency of AG-NC during homogenization, 

and hence AG-NC particle size with 85% HPMC was not 

remarkably different than that with 25% and 50% HPMC.

Figure 2B shows that the particle size of redispersed 

AG-NS from AG-NS-SD (S1, S2, S3, and S4) after rehydra-

tion was obviously increased, and RDI values of AG-NS-SD 

(S1–S4) after rehydration were 1.98±0.08, 1.87±0.06, 

1.23±0.05, and 1.21±0.02, respectively. This meant that NCs 

in AG-NS-SD formed large aggregated particles after spray-

drying, particularly at 15% HPMC used as dispersant (S1). 

Smaller drug aggregates were formed at the higher HPMC 

concentrations of 25% (S2) and 50% (S3) because of 

enhanced wettability (higher k-values, Table 2), but 85% 

HPMC concentration completely prevented AG-NC par-

ticle aggregation. This might have been related to enhanced 

viscosity of suspensions and increase HPMC concentrations. 

Table 2 shows that HPMC solution viscosity increased from 

5.12±0.27 mPa⋅s to 19.46±0.73 mPa⋅s and concentration from 

15% to 85%. At relatively higher concentrations (S3 and S4), 

a thicker layer of the adsorbed polymer and stronger adsorp-

tion could have mitigated NC aggregation.46,47 Therefore, 

25% HPMC concentration was used as a baseline dispersant 

and combined with other codispersants.

roles of mannitol and lactose combined 
with hPMc
It can be seen from Figure 2A that AG-NS particle sizes 

(S5–S10) stabilized by 25% HPMC (w:w relative to drug) and 

combined with either sucrose or lactose were 467±16 nm (D
50

), 

and 876±11 nm (D
90

), which were not different than AG-NS 

stabilized by only 25% HPMC. With increased mannitol or lac-

tose concentration of 20%–60%, AG-NS particle size did not 

seem to be different. This indicated that mannitol and lactose 

had no effect on nanosizing of AG-NS during homogenization 

compared to HPMC alone as dispersant (S2). The addition 

of either mannitol or lactose did not increase the viscosity or 

wettability of the suspensions (as listed in Table 2), but the 

particle size of the redispersed suspensions from AG-NS-SD 

(S5–S10) after rehydration increased remarkably (Figure 2B), 

even at 60% mannitol or lactose concentration, and RDI values 

of AG-NS-SD (S7 and S10) were 1.578±0.06 and 1.348±0.05, 

respectively. These meant that to ensure acceptable drug 

loading, a combination of HPMC and mannitol or lactose 

at the concentrations applied could not completely prevent 

AG-NC particles from aggregation during spray-drying.

roles of superdisintegrants combined 
with hPMc
To improve the redispersibility and dissolution of AG from 

AG-NC-SD, roles of the superdisintegrants (SCS, CPD, and 

CMS) combined with HPMC were investigated. The physical 

properties and morphology of these superdisintegrants48–50 are 

provided in Table 3. As per Figure 2A, AG-NS (S11–S16) 

particle size stabilized by 25% HPMC (w:w relative to drug) 

and combined with superdisintegrants as codispersants was sig-

nificantly larger (D
50

.800 nm, D
90

.10 μm) AG-NS (S1–S10) 

particles stabilized by 25% HPMC. AG-NS particles stabilized 

by 15% HPMC and 10% SCS and combined with 10% manni-

tol (S17) and lactose (S18) were also much larger than those of 

S2, particularly for D
90

. It was thought that the cohomogenized 

suspensions of AG and superdisintegrants seemed to be a multi-

modal mixture of large swollen superdisintegrant particles and 

AG-NC, as evidenced by the large D
90

 values corresponding 

Table 2 Wettability and viscosity of suspensions composed of 
different hPMc concentrations and other dispersants

HPMC 
(%, w:w)a

Combined 
dispersants 
(%, w:w)a

Viscosity 
(MPa⋅s)b

Contact 
angle (°)b

kb

0 0 0 60.2±2.3 0.059±0.004
15 0 5.12±0.27 24.7±1.2 0.212±0.007
25 0 6.29±0.41 18.9±1.3 0.267±0.004
50 0 12.87±0.58 16.6±1.8 0.383±0.011
85 0 19.46±0.73 11.3±1.7 0.416±0.014
25 20 mannitolc 6.32±0.38 18.7±1.3 0.221±0.007
25 40 mannitolc 6.37±0.28 17.2±1.6 0.219±0.002
25 60 mannitolc 6.24±0.42 18.1±1.1 0.213±0.006
25 20 lactosec 6.27±0.26 17.5±0.9 0.212±0.009
25 40 lactosec 6.38±0.22 18.2±0.7 0.219±0.002
25 60 lactosec 6.29±0.36 18.3±1.3 0.213±0.008
25 10 cMsd 17.93±0.16 19.2±1.5 0.279±0.006
25 20 cMsd 22.73±1.31 19.3±1.2 0.294±0.005
25 10 cPDd 9.17±0.21 18.3±1.6 0.213±0.007
25 20 cPDd 12.59±0.65 17.9±1.5 0.221±0.004
25 10 scsd 15.56±0.83 18.2±1.3 0.297±0.009
25 20 scsd 25.73±1.26 18.3±1.6 0.385±0.011
15 15 mannitol,c 15 scsd 14.73±0.65 17.6±0.8 0.282±0.006
15 15 lacrose,c 15 scsd 15.12±0.76 17.5±1.2 0.291±0.004

Notes: aWeight of dispersant with respect to weight of ag; bdata presented as mean ± 
standard deviation; cadded to suspension after homogenization; dcohomogenized with 
ag-Ns after swelling.
Abbreviations: ag, andrographolide; cMs, croscarmellose sodium; cPD, crospovi-
done; hPMc, hydroxy propylmethylcellulose; Ns, nanocrystal suspension; scs, so-
dium carboxymethyl starch.
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to AG-NS (S12–S18). Note that superdisintegrants (CMS, 

CPD and SCS) were not insoluble polymers in water, D
50

 

values of the as-received SCS, CPD, and CMS particles were 

about 57±4, 36±1, and 53±2 μm, but D
50

 and D
90

 values of the 

SCS, CPD, and CMS particles swollen in 25% HPMC solution 

(before cohomogenization), were 102.6±0.3 and 265.5±0.2, 

50.1±0.1 and 135.8±0.1, and 76.6±0.2 and 148.8±0.3 μm, 

respectively. As such, the large swollen particles of the super-

disintegrants were able to be pulverized into small particles 

during the cohomogenization of AG–superdisintegrant.

Particles of AG-NS stabilized by 25% HPMC and com-

bined with superdisintegrants (S11–S16) were relatively 

large, but this did not mean that AG-NS formed any large 

aggregations. Due to the presence of cohomogenized super-

disintegrant swollen particles, AG-NC particle size in the 

suspensions could not be accurately determined via laser 

diffraction, but this was able to be demonstrated by means of 

in vitro dissolution if AG-NC did not form large aggregated 

particles. The dissolution profiles of the freshly prepared 

AG-NS (S1, S2, S11–S18) stabilized by HPMC alone and 

combined with 25% HPMC are illustrated in Figure 3. The 

results demonstrated that the dissolution curve of AG-NS 

stabilized by 25% HPMC combined with CPD (S13 and S14) 

seemed to be different from those of S1 and S2 at the initial 

stage of dissolution, but dissolution profiles of other formula-

tions (S11, S12, S15–S18) were not different from those of 

S1 or S2 ( f
2
.50). This indicated that cohomogenization of 

superdisintegrants and AG-NS did not result in the aggre-

gation of AG-NC in suspensions. For AG-NS stabilized by 

CPD, the relatively slow dissolution at the initial stage might 

have been related to the adsorption property of CPD.51

It is also worth mentioning that addition of superdisin-

tegrants enhanced the stability of AG-NS (data not shown). 

Unlike the addition of mannitol or lactose, cohomogenized 

10% SCS or 10% CMS with 25% HPMC (Table 2) 

significantly raised the viscosity of the AG-NS because of 

the removal of free water in the suspension via absorption 

by highly swellable superdisintegrants. On the other hand, 

cohomogenized 10% CPD did not seem to raise the viscosity 

of suspensions (Table 1), which was related with the low 

swelling capacity of CPD (5.4 cm3/g compared to 23.6 cm3/g 

for SCS and 13.5 cm3/g for CMS), as shown in Table 3. 

The increase in superdisintegrant concentration led to high 

suspension viscosity. When extra 85% HPMC was used as 

the dispersant, the suspension also possessed relatively high 

viscosity, and the wettability of SCS and CMS was better than 

that of CPD at applied concentrations (Table 2). As such, the 

viscosity and wettability of polymers also might have been 

responsible for the enhanced dissolution of AG-NS.

roles of dispersants in dissolution of 
ag-Nc-sD
Drug-dissolution profiles from coarse AG and spray-dried 

AG-NC-SD with various dispersants were measured. 

Table 3 Physical properties of the superdisintegrants

Property parameters CMS CPD SCS

average particle size (D50, μm) 53±2 36±1 57±2
surface area (m2/g) 0.7±0.1 1.4±0.2 0.2±0
swelling volume in water (cm/g3) 13.5±0.6 5.4±0.2 23.6±1.4
hydration capacity (g water/g powder) 12.1±0.7 4.6±0.3 18.3±0.8
Morphology

Note: Data presented as mean ± standard deviation. D50, average 50% volume percentile.
Abbreviations: cMs, croscarmellose sodium; cPD, crospovidone; scs, sodium carboxymethyl starch.

Figure 3 Dissolution of ag-Ns with different dispersants.
Abbreviations: ag, andrographolide; Nc, nanocrystal; Ns, Nc suspension; 
s, sample.
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As discussed in previous sections, the AG-NSs (S1–S10) 

stabilized with 25% HPMC alone and with additional 

mannitol/lactose exhibited similar particle size to drug NCs 

during homogenization. AG-NSs stabilized with 25% HPMC 

and additional cohomogenized superdisintegrants (S11–S18) 

exhibited similar dissolution behavior to those of AG-NSs 

stabilized with 25% HPMC ( f
2
.50), even though the pres-

ence of large particles was determined by laser diffraction. 

Therefore, the major impact of various dispersants on drug 

release in the process of dissolution is expected to be related 

to their capacity to release drug NCs from the AG-NC-SD 

after spray-drying.

Differences in dissolution profiles from the AG-NC-SD 

containing 25% HPMC with either of these additional 

dispersants alone (mannitol, lactose, and cohomogenized 

superdisintegrants) compared to those from coarse AG for 

comparison are illustrated in Figure 4. Coarse AG particles 

with D
50

 of 15.5 μm had extremely poor dissolution, with 

only 30.1% of AG dissolved after 30 minutes. The AG-

NC-SD led to an enhanced drug-dissolution rate (Figure 4A), 

regardless of the dispersants used. For AG-NC-SD with 

either 15% HPMC (S1) or 25% HPMC (S2), the release 

of AG was significantly improved compared to coarse AG 

( f
2
,50), ie, 43.5% for S1 and 56.7% for S2 at 30 minutes. 

However, drug release from S1 and S2 was still unsatisfac-

tory compared to that of AG-NS ( f
2
,50). Enhanced-speed 

release was achieved when 50% (S3) and 85% HPMC (S4) 

were used as dispersants, ie, 83.8% for S3 and 86.6% for S4 

Figure 4 Dissolution comparison of ag from coarse ag and ag-Nc-sD with different dispersants.
Notes: (A) hPMc (s1–s4); (B) 25% hPMc combined with mannitol or lactose (s2–s10); (C) 25% hPMc combined with superdisintegrants (s11–s16); (D) 15% hPMc 
combined with 15% superdisintegrants and 10% mannitol/lactose (s10–s18). *f2,50 compared to ag-Ns (s2); #f2,50 compared to coarse ag; f2,50 compared to 
ag-Nc-sD (s1–s2); f2,50 compared to ag-Ns (s9); f2,50 compared to ag-Nc-sD (s6); and f2,50 compared to ag-Ns (s4).
Abbreviations: ag, andrographolide; hPMc, hydroxypropylmethylcellulose; Nc, nanocrystal; Ns, Nc suspension; s, sample; sD, solid dispersion.
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within 5 minutes. All these results could be explained by the 

larger surface area of AG-NC compared with coarse AG and 

enhanced wettability of AG owing to the presence of disper-

sants (85% HPMC . 50% HPMC .25% HPMC . 15% 

HPMC, seen in Table 2). Despite the enhanced wetting 

efficiency with higher HPMC concentrations (Table 2) and 

smaller AG-NC aggregates in the spray-drying, 85% HPMC 

exhibited only slight improvement in AG release compared 

with 50% HMPC.

The impact of the polyol dispersants (mannitol/lactose) 

at 20%–60% level, along with the baseline 25% HPMC, 

is shown in Figure 4B. Upon addition of 20% and 40% 

concentrations of mannitol (S5 and S6) or lactose (S8 and 

S9), a slight improvement ( f
2
,50) in drug release was 

observed (Figure 4B) compared to HPMC alone (S2), ie, 

58.9% for S6 and 60.8% for S8 at 60 minutes. When 60% 

mannitol (S7, drug loading 78.95%) and lactose (S10, drug 

loading 80.67%) were used, the dissolution performance of 

AG-NC-SD improved significantly ( f
2
,50) compared with 

those of AG-NC-SD (S2). However, the dissolution profiles 

of S7 and S10 were significantly different ( f
2
,50) from that 

of the precursor AG-NS (S2) before spray-drying and also 

much slower ( f
2
,50) compared to that of AG-NC-SD (S4) 

at equal concentrations of dispersant. Therefore, mannitol or 

lactose combined with HPMC 60% still did not completely 

prevent AG-NC from aggregation during spray-drying, which 

was consistent with the results shown in Figure 2B.

The impact of HPMC combined with swellable cohomog-

enized dispersants (SCS/CPD/CMS) at 10% with baseline 

25% HPMC is shown in Figure 4C. Dissolution profiles 

were obviously improved compared to AG-NC-SD with 

25% HPMC (S2, f
2
,50). With 20% superdisintegrant used 

as codispersants, SCS (S12), CPD (S14), and CMS (S16) 

were briefly cohomogenized with AG-NS and spray-dried 

into the SD, and the dissolution performance of AG-NS 

was significantly improved ( f
2
,50). This indicated that 

superdisintegrants can lead to faster AG release and thus be 

better dispersants than mannitol or lactose at the concentra-

tions applied. More interestingly, their desirable impact 

positively correlated with their swelling capacity (SCS . 

CMS . CPD). Finally, it was noted that the dissolution 

performance of AG-NC-SD with 20% SCS was best of all 

the formulations.

In general, the codispersants besides the baseline 25% 

HPMC led to improvement in dissolution of AG-NC. 

Conventional soluble dispersants (mannitol and lactose) 

combined with HPMC allowed for drug release from the 

AG-NC-SD via erosion/dissolution, which was initiated 

by dissolution of the dispersant. On the other hand, the 

combination of briefly cohomogenized superdisintegrants 

with soluble HPMC facilitated erosion/disintegration of the 

AG-NC-SD matrix via both HPMC erosion/dissolution and 

swelling-induced degradation.32 The swellable superdisin-

tegrant particles embedded in NC-SD facilitated the matrix 

erosion/disintegration. Apparently, simultaneous action of 

both mechanisms was additive and beneficial.

Optimum dispersants of ag-Nc-sD 
with high drug loading and excellent 
dissolution
The performances of cohomogenized superdisintegrants for 

quickly dissolving AG-NC-SD are illustrated in Figure 4C. 

Their superior performance over conventional codispersants 

like mannitol and lactose was clear. At high dispersant 

concentration, AG-NC-SD (S12 and S16) exhibited much 

faster release than S7 and S10 ( f
2
,50). However, dissolu-

tion of AG-NC-SD (S14) was not satisfactory, which might 

have been related to the adsorption properties of CPD.48 

Additionally, the AG-NC-SD stabilized by 85% HPMC (S4) 

also possessed enhanced drug dissolution ( f
2
,50). Even so, 

the dissolution rate of the AG-NC-SD (S4, S10, S12, and 

S16) seemed to be slower than AG-NS (S2) ( f
2
,50). This 

seemingly anomalous behavior could be due to gelling-

induced slow erosion/dissolution of the polymeric matrix 

at this high polymer concentration, which has been reported 

elsewhere.52 Furthermore, drug loading of AG-NZ-SD 

(S4, S10) was unacceptable, ie, 50.38% for S4 and 52.87% 

for S10. To achieve maximum-speed dissolution and drug 

loading of AG-NC-SD at lower concentrations, 15% HPMC 

and 15% SCS combined with 10% sucrose or lactose were 

used as synergistic dispersants for AG-NZ-SD, which 

led to the fast dissolution of AG. Enhanced release was 

achieved ( f
2
,50), ie, 92.31% for S17 and 96.76% for 

S18 within 30 minutes (Figure 4D). Also, the dissolution 

of AG-NC-SD (S18) was not significantly different from 

S2 ( f
2
.50). It was concluded that 15% HPMC combined 

with 10% lactose and 15% SCS as dispersants effectively 

improved the dissolution performance of AG-NC-SD, 

which could be ascribed to smaller AG aggregates after 

spray-drying (Figure 2) and increased wettability and 

appropriate viscosity (Table 2), which ensured fast water 

penetration and excellent swelling ability of superdisinte-

grants and facilitated the fast disintegration and diffusion of 

AG-NC-SD. More interestingly, S17 and S18 drug loading 

was up to 67.83%, which far exceeded the drug loading of 

conventional formulations.39–42
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Morphology of ag-Nc-sD
The morphology images of AG and representative AG-NC-SD 

are shown in Figure 5. The coarse AG was plate-shaped AG 

particles with particle size of 10–60 μm (Figure 5A). The 

spray-dried AG-NC-SDs with 25% HPMC (S1) seemed 

to be NC-aggregated particles (Figure 5B). This further 

demonstrated that 25% HPMC did not prevent AG-NC 

from aggregation during spray-drying. Spray-dried AG-

NC-SDs with 50% and 85% HPMC (S3 and S4) exhibited 

a wrinkled-sphere shape (Figure 5C and D). The surface 

wrinkles might be attributed to the collapsed HPMC matrix, 

which was initially inflated due to internal vapor formation 

during spray-drying. Polymers have been reported to be film-

forming agents that can enrich surfaces and form spray-dried 

particles with wrinkled morphology.53

Spray-dried AG-NC-SDs with 60% mannitol (S7) 

appeared to be have adhesive particles (Figure 5E), which can 

be related to the fact that mannitol has a low glass-transition 

temperature of 11°C and tends easily toward glass transition 

shortly after spray-drying.54 Table 3 shows that CMS particles 

were fibrous, CPD particles spongy, and SCS particles round, 

but the spray-dried AG-NC-SDs containing lactose and 

superdisintegrants as codispersants (S10, S12, S14, and S16) 

were near-spherical (Figure 5F–I) and the circularization of 

AG-NC-SDs with SCS combined with either mannitol (S17) 

or lactose (S18) was excellent (Figure 5J–K). Therefore, 15% 

HPMC combined with 10% lactose and 15% SCS could be 

beneficial dispersants for AG-NC-SD during spray-drying.

crystalline state of ag-Nc-sD
The crystalline state of coarse AG, dispersants, and AG-

NC-SD was examined by means of DSC and XRPD. The 

melting temperature of coarse AG was found to be 230°C 

(Figure 6A). Wide plane peaks of for HPMC and SCS were 

observed (Figure 6B and E). The endothermic melting 

peak of mannitol was 165°C (Figure 6C) and the melting 

peak of lactose was 150°C, with the decomposition peak at 

220°C (Figure 6D). DSC thermograms of the representative 

Figure 5 seM of ag and coarse ag and representative ag-Nc-sD.
Notes: (A) coarse ag; (B) ag-Nc-sD (s1); (C) ag-Nc-sD (s3); (D) ag-Nc-sD (s4); (E) ag-Nc-sD (s7); (F) ag-Nc-sD (s10); (G) ag-Nc-sD (s12); (H) ag-Nc-sD 
(s14); (I) ag-Nc-sD (s16); (J) ag-Nc-sD (s17); (K) AG-NC-SD (S18, magnification 10,000×); and (L) AG-NC-SD (S18, magnification 20,000×).
Abbreviations: ag, andrographolide; Nc, nanocrystal; s, sample; sD, solid dispersion; seM, scanning electron microscopy.
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spray-dried AG-NZ-SD exhibited a notable endothermic event 

associated with the melting of crystalline AG (Figure 6F–J). 

The peak melting temperature was lowered in the spray-dried 

AG-NC-SDs. Also there was a slight reduction in fusion 

enthalpy for spray-dried AG-NC-SDs compared to coarse 

AG. The reduction observed in melting points and enthalpy 

might have been due to particle-size reduction and/or defect 

crystal formation of the drug during homogenization.18 

Figure 6 Dsc of spray-dried ag-Nc-sD with different dispersants.
Notes: (A) coarse ag; (B) hPMc; (C) lactose; (D) mannitol; (E) scs; (F) ag-Nc-sD/85% hPMc (s4); (G) ag-Nc-sD/60% lactose (s10); (H) ag-Nc-sD/60% lactose (s7); 
(I) ag-Nc-sD/20% scs (s12); and (J) ag-Nc-sD/15% lactose + 15% scs (s18).
Abbreviations: ag, andrographolide; Dsc, differential scanning calorimetry; hPMc, hydroxypro-pylmethylcellulose; Nc, nanocrystal; s, sample; scs, sodium carboxymethyl 
starch; sD, solid dispersion.
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According to the Gibbs–Thomson equation,55 the melting 

temperature of a material is proportional to its cohesive 

energy, which could indicate that NCs with reduced cohesive 

energy require less energy for melting, thus resulting in a 

reduction in melting temperature and enthalpy compared to 

the coarse AG crystals.

The effect of homogenization on AG crystallinity was 

also investigated via X-ray diffraction (Figure 7). Coarse 

AG exhibited crystalline peaks at 2θ of 12.2°, 13.3°, 15.4°, 

and 25.9° (Figure 7A). Lactose exhibited a crystalline 

peak at 2θ of 19.3° (Figure 7D). Mannitol had a crystalline 

peak at 24.9° (Figure 7E). AG in spray-dried AG-NC-SDs 

(Figure 7G–J) showed distinct crystalline peaks similar to 

coarse AG, as could be seen from XRPD. AG peak positions 

remained unchanged compared to coarse AG, but with lower 

peak intensity, which could be attributed to the aforemen-

tioned crystal-defect formation and/or particle-size reduction 

during homogenization–drying. The XRPD and DSC results 

overall suggested that the crystalline nature of AG in AG-

NC-SD was largely preserved after homogenization, despite 

the formation of defects, differently from the conventional 

AG-SD with amorphous or molecule drug.39,42

Figure 7 XrD of spray-dried ag-Nc-sD with different dispersants.
Notes: (A) coarse ag; (B) hPMc; (C) lactose; (D) mannitol; (E) scs; (F) ag-Nc-sD/85% hPMc (s4); (G) ag-Nc-sD/60% lactose (s10); (H) ag-Nc-sD/60% lactose (s7); 
(I) ag-Nc-sD/20% scs (s12); and (J) ag-Nc-sD/15% lactose + 15% scs (s18).
Abbreviations: ag, andrographolide; hPMc, hydroxypropylmethylcellulose; Nc, nanocrystal; s, sample; scs, sodium carboxymethyl starch; sD, solid dispersion; XrD, 
X-ray diffraction.

θ ° θ °
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As illustrated in Figure 8, in three forms of AG-NC-SD, 

AG in NC state dispersed homogeneously in the amorphous 

matrix formers of different dispersants. The polymers HPMC, 

sugar/sugar alcohol, and cohomogenized superdisintegrants 

played an important role in the formation and dissolution of 

NC-SD. On one hand, the dispersants prevented drug NCs 

from aggregation during homogenization and spray-drying 

via a steric-barrier effect; on the other hand, they enhanced 

fast redispersion and dissolution of NC-SD triggered by 

penetration/erosion/swelling after hydration. Owing to their 

swelling capacity, wet cohomogenized superdisintegrants 

were much more effective dispersants than conventional, 

water-soluble dispersants like mannitol and lactose. HPMC 

15% combined with 10% lactose and 15% SCS (S18) could 

be effective dispersants for AG-NC-SD. To demonstrate the 

performance in vivo of this formulation strategy, the pharma-

cokinetics of AG-NC-SD (S18) were further evaluated.

Figure 8 Matrix structure and dissolution of nanocrystal-based solid dispersion.
Abbreviations: hPMc, hydroxypropylmethylcellulose; scs, sodium carboxymethyl starch.

Figure 9 Mean plasma concentration–time profiles in rats after oral administration 
of ag-Nc-sD, ag-Nc, and crude ag at 20 mg/kg (n=6).
Note: *Statistically significant differences (P,0.05) from crude ag formulation.
Abbreviations: ag, andrographolide; Nc, nanocrystal; sD, solid dispersion.
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As listed in Table 4, the AUC
0–∞ of the AG-NC-SD 

(1,794.738±311.213 μg/L⋅hour) was 4.72 times (P,0.05) 

as high as that of crude AG (379.521±124.233 μg/L⋅hour). 

However, the main pharmacokinetic parameters (maximum 

concentration and AUC
0–∞) of AG-NC-SD were not sig-

nificantly different from AG-NS (P.0.05), which was also 

consistent with the dissolution studies (Figure 4). As illus-

trated in Figure 10, AG-NC-SD recovered easily back to the 

AG-NS in the gastrointestinal tract after oral administration, 

dependent on the synergetic effect of penetration/swelling/

erosion from lactose and SCS. It could be speculated that 

the reduced particle size of NCs with an increase in surface 

area significantly increased the dissolution rate of AG and 

increased the adhesiveness of gut lumen, which could have 

resulted in a high concentration gradient and rapid absorption 

of the AG molecules across the gastrointestinal membrane 

(Figure 10). Reduced particle size plays an important role in 

dissolution and absorption from gastrointestinal tissue.56,57

Figure 10 absorption mechanism of ag-Nc-sD.
Abbreviations: ag, andrographolide; cblood, drug concentration in blood; cs, drug saturated solubility; Nc, nanocrystal; sD, solid dispersion.

AG-NC-SD

AG-NC Coarse AG

Blood

Low concentration
gradient

Blood

High concentration
gradient

Gut lumen
Cblood Cblood

CS

Dissolution
triggered by
swelling/
penetration/
erosion

CS

Table 4 Pharmacokinetic parameters of ag in rats after oral administration of ag-Nc-sD, ag-Ns, and crude ag at 20 mg/kg (n=6)

Formulations Cmax (µg/L) tmax (hours) MRT0–t (hours) AUC0–∞ (µg/L⋅hour)

crude ag 52.506±10.652 1.11±0.23 11.24±1.21 379.521±124.233
ag-Ns 346.741±38.163# 0.36±0.17# 6.35±2.24# 1,564.784±416.853#

ag-Nc-sD 323.423±43.527* 0.44±0.14* 7.36±2.27* 1,794.738±311.213*

Notes: Data presented as mean ± standard deviation. #Significance (P,0.05) between AG-NS and crude AG formulation; *significance (P,0.05) between ag-Nc-sD and 
crude ag formulation.
Abbreviations: ag, andrographolide; aUc, area under the curve; Cmax, maxi mum concentration; MrT, mean residence time: Nc, nanocrystal; Ns, Nc suspension;  
sD, solid dispersion; tmax, time to Cmax.

In vivo pharmacokinetic evaluation of 
ag-Nc-sD
Pharmacokinetic studies of AG-NC-SD were undertaken in 

rats to investigate whether the AG-NC-SD (S18) was able to 

improve oral bioavailability of AG in vivo compared with 

precursor AG-NS and crude AG. The plasma-concentration 

versus time curves of the AG-NC-SD, AG-NS, and crude AG 

are shown in Figure 9. It could be seen that plasma concentra-

tions of AG-NC-SD were significantly higher within 5 hours 

after administration compared to crude AG (P,0.05), but 

not significantly different from AG-NS (P.0.05). The 

main pharmacokinetic parameters of AG-NC-SD, AG-NS, 

and crude AG are listed in Table 4. Compared with the 

time to maximum concentration of crude AG (1.11 hours), 

AG-NC-SD (0.44 hours), and AG-NS (0.36 hours) were 

significantly decreased (P,0.05). Mean peak concentra-

tions of the AG-NC-SD (323.423±43.527 μg/L) and AG-NS 

(346.741±38.163 μg/L) were significantly increased 

(P,0.05) compared with crude AG (52.506±10.652 μg/L). 

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2018:13submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

3778

Ma et al

Conclusion
A novel NC-SD using surfactant-free dispersants as a matrix 

was successfully prepared by combining homogenization and 

spray-drying technology, with the goal of enhancing the drug 

loading and improving the speed of drug dissolution. Owing 

to their swelling capacity, the superdisintegrants were much 

more effective dispersants than conventional, water-soluble 

dispersants like mannitol and lactose. To achieve much faster 

AG release without surfactants, cohomogenized superdisin-

tegrants (SCS) at 15% must be used along with 15% HPMC 

and 10% lactose. Erosion/disintegration of the AG-NC-SD 

was triggered by the dissolution of soluble polymer and sugar/

sugar alcohol, as well as the swelling-induced disintegra-

tion provided by the superdisintegrants. The crystal state of 

AG presented in AG-NC-SD remained unchanged during 

the preparation. The AG-NC-SD exhibited a fast dissolution 

rate and significantly improved the bioavailability of AG. 

This study has demonstrated that quickly dissolving, high 

drug loading, surfactant-free NC-SDs could be prepared 

by combined superdisintegrants as codispersants, and also 

provide a feasible strategy to improve the oral bioavailability 

of poorly soluble drug.
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