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ABSTRACT

The purpose of this study was to develop a high-loading amorphous solid dispersion (ASD) of ivermectin to significantly
enhance its oral absorption and bioavailability. Using a solvent method, we formulated a novel ternary ASD with
polyvinylpyrrolidone PVPK30 and Poloxamer 188 (P188)in a 1:0.5:1.5 ratio of drug to PVPK30 to P188. We characterized
the physicochemical properties of five ASD formulations through in vitro dissolution tests. The selected formulation, SD3,
was further assessed using X-ray powder diffraction, scanning electron microscopy, differential scanning calorimetry, and
pharmacokinetic studies in rats. Notably, SD3 enhanced drug loading more than 30-fold compared to commercial tablets.
SD3 exhibited significantly faster dissolution rates and maintained an amorphous state that remained stable after two
months of storage at 4°C. Pharmacokinetic analysis at a 20 mg/kg oral dose in rats showed that SD3 achieved the highest
maximum concentration (Cmax), plasma exposure (AUC), and oral bioavailability compared to the pure drug and
commercial tablets. The assessment of the oral absorption rate constant (Ka) revealed an increased Ka and intestinal
permeability through this ASD, elucidating the possible mechanism behind these improvements.
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INTRODUCTION

Ivermectin (IVM) is a broad-spectrum antiparasitic agent
used to treat a wide range of parasites, including nematodes,
insects, and acari, in both animals and humans® 2. Recently,
its activity spectrum has expanded, showing potential in
human therapeutics. Researchers have discovered that [IVM
has antiviral effects against COVID-19, Dengue, and HIV-
135, A blind clinical trial demonstrated that IVM has
concentration-dependent antiviral effects in COVID-19
patients, significantly reducing the SARS-CoV-2 viral load
at high systemic plasma concentrations® 7. Additionally,
Xinyi Tan found that IVM and an IVM-derived compound,
D4, exhibit antimicrobial and biofilm properties against
methicillin-resistant Staphylococcus aureus (MRSA)S.
Furthermore, IVM shows potential as an anti-cancer drug
by regulating multiple signaling pathways to inhibit tumor
cell proliferation’. TVM is considered one of the most
significant drugs ever discovered, with Satoshi Omura and
William C. Campbell winning the 2015 Nobel Prize in
Physiology or Medicine for its discovery!°.

However, Ivermectin is categorized as a Class II drug under
the Biopharmaceutical Classification System, characterized
by high permeability but low water solubility, leading to
poor bioavailability when administered orally !'. Various
formulations have been developed to enhance its solubility
and absorption, including solid dispersions %4
nanosuspensions '°, microemulsions '°, nanoparticles !7,
polymer micelles '8, soluble cyclodextrin complexes '°, and
self-emulsifying drug delivery systems 2. Notable
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advancements include Marchenko's solid dispersion with
arabinogalactan and Singh's surface solid dispersion with
aerosil, both significantly improving water solubility and
drug release rates. However, these methods often suffer
from low drug loading capacities.

This study aims to develop a solid dispersion with a simple
preparation process and high drug loading. Given IVM's
high solubility in methanol and its high melting point, the
solvent method was chosen to prepare the solid dispersion?!.
In our research, we selected two carriers based on a phase
solubility study to develop a novel amorphous solid
dispersion (IVM: carriers 1:2) using a solvent method
aimed at improving the solubility, bioavailability, and drug
loading of IVM. The physical properties of these IVM-SD
formulations were assessed using X-ray diffraction analysis,
scanning electron microscopy, differential scanning
calorimetry, and dissolution tests. Our measurements
indicate that the new solid dispersion not only improves
solubility but also enhances bioavailability and increases
the absorption rate constant (Ka) and intestinal permeability
in Sprague-Dawley rat pharmacokinetics.

MATERIALS AND METHODS

Materials

The materials used in this study were IVM (MedChem
Express (MCE) company), carriers like, PEG4000 (Alfa
Aesar), PEG6000 (Alfa Aesar), D-Sorbitol (Innochem),
Poloxamer188(P188, Rhawn), Urea (Sigma-Aldrich),
Polyvinylpyrrolidone K30(PVPK30, Tci). Simulated
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Ivermectin

Figure 1: The chemical structure of IVM, PVPK30 and Poloxamer188.

intestine fluid was purchased from MesGenBiotech, and
bile salt was purchased from Macklin. The commercial

IVM tablet A was purchased from Nanhua Qianmu
biological technology Co., LTD (Henan, China), which has
ap-proximately 0.84% IVM. The commercial IVM tablet B
was purchased from ShanXi Tianchong biological
technology Co., LTD, which has approximately 0.96% I[VM.
The chemical structure of IVM, PVPK30 and
Poloxamer188 were shown in Figurel.

Animals

Twelve male Sprague-Dawley rats, aging 6-8 weeks and
weighting approximately 200-300 g, were used for
pharmacokinetic study. The animal study protocol was

approved by the Institutional Animal Care and Use
Committee (IACUC) (protocol code PK-R-06012024 and
date of approval: 24 April 2024).

Phase Solubility Study

To select suitable carriers for SD, the solubility of IVM in
different carriers like PVPK30, P 188, D-sorbitol, PEG6000,
PEG4000, Urea was investigated. Excess IVM was added
to 1 ml containing 1% aqueous solution of carriers in glass

vials, followed by stirring at 300 rpm for 24 h. Next, the
contents were centrifuged at 10,000 rpm for 10 min by
Eppendorf 5424R Centrifuge (Hamburg, Germany). Then
the same volume of methanol was added to the supernatant.

The amount of dissolved drug was estimated at 245 nm by
UPLC-UV (Waters acquity UPLC and photodiode array
(PDA) detector) using an acquity UPLC BEH C18 column
(2.1x 50 mm, 1.7 pm).

Preparation of Solid Dispersion

IVM-SD were prepared by the solvent method. The weight
ratio of drug and carriers (PVP K30 and P188) is 1:2. IVM

and carriers were dissolved in methanol and vortexed for 10
min to obtain a clear solution. Subsequently, the solution
was transferred to rotary evaporator (Buchi Vacuum pump

V-300 and rotavapor R-300) and vacuum dried at 37°C, 150
rpm. Then the solid was transferred to ceramic mortar and

o hd o™

CHs

Poloxamer 188

PVP K30

milled to obtain the powder. All the powders were passed
through sieve # 60. Carriers were mixed with IVM at
varying ratios. In the procedure of SD preparation, we
found that with a high percentage of P188, the SD showed
sticky and inhomogeneous state. So, considering the state
and dissolved quantity of SD formulation, we made a
dissolution test to determine the optimal ratio of PVPK30
and P188. SD powders containing Smg [VM were added to
100ml simulated intestine fluid with 0.2% bile salt
monitored for 45min at 37°C, with 100 rpm of stirring. The
dissolution experiment is more physiologically meaningful
with adding 0.2% bile salt, because the bile salt appears in
the gastrointestinal tract in physiological conditions®> 23.
200 ul samples were removed after 5, 10, 20, 30, 45 min for
centrifugation at 10,000 rpm for 3 min. Each sample was
tested in triplicate. Then the same volume of methanol was
added to the supernatant. The removed sample was
swapped for a commensurable amount of fresh dissolution
medium to maintain the same volume in the vessel. The
amount of dissolved drug was estimated at 245 nm by
UPLC-UV.

Characterization of IVM-SD3

X-ray Powder Diffraction (XRD)

The drug crystallinity of IVM, PVPK30, P188 and SD3
formulations were measured using an automated X-ray
diffractometer (D/max-2550, Japan). Data was collected
over an angular range between 3° and 50° with a step size
0f 0.02. XRD patterns of SD3 stored in at 4 -C refrigerator
for two months was also determined.

Differential Scanning Calorimetry (DSC)

The DSC thermograms of the samples were recorded using
a differential scanning calorimeter instrument (Q5000IR,
TA INSTRUMENTS, China). The 30mg samples were
placed in aluminum pans and heated at a constant rate of
10°C/min, over a temperature range of 0—-300 C. The flow
of Nitrogen was 50 ml/min, which was used as purge gas.
Scanning Electron Microscopy (SEM)
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The particle morphology of drug, PVPK30, P188 and SD3
were examined by scanning electron microscopy (SEM,
JSM-6460LV, JEOL, Ltd, Japan). All the powders were
passed through sieve # 60.

In Vitro Dissolution Study

In dissolution profiles of IVM, physical mixtures,
commercial tablets and SD3 were prepared. The powders
containing 5 mg IVM were added to 100 ml simulated
intestine fluid with 0.2% bile salt monitored for 45 min at
37°C, with 100 rpm of stirring. All powders were passed
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Figure 2: Influence of carriers on the solubility of VM.
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Figure 4(A): The X-ray powder diffraction patterns and
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Figure 5: Scanning electron microphotograph PK30 400x, (c) P188 400x, (d) P188 400x, (e)
IVM 400, (f) IVM 400X, (g) solid dispersion 400x (SD3, IVM: PVPK30: P188=1:0.5:1.5), (h) solid dispersion 400x
(SD3, IVM: PVPK30: P188=1:0.5:1.5).
through sieve # 60. Then 200 uL samples were removed  for 3 min. Each sample was tested in triplicate. Then the
after 5, 10, 20, 30, 45 min for centrifugation at 10,000 rpm  same volume of methanol was added to the supernatant. The

re-moved sample was replaced with an equivalent amount
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of fresh dissolution medium to maintain a constant volume
in the vessel. The amount of dissolved drug was estimated
at 245 nm by UPLC-UV.

In Vivo Pharmacokinetic studies

Animal Experiment

To evaluate the oral bioavailability of IVM-SD, four groups
of Sprague Dawley rats (3 rats per group) were
administered doses of equivalent 20 mg/kg IVM. Twelve
male rats were fed with the pure drug, SD3, commercial
tablet A, and commercial tablet B. Approximately 0.2 mL
blood were collected at the time points for 0.25, 0.5, 1, 2, 4,
8, and 24 hours post dose and then were centrifugated at
4000 g for 5 minutes in a 4°C centrifuge. The plasma
samples were stored in a freezer at -75+15°C prior to
analysis.

LC-MS/MS Analysis of IVM

The LC-MS/MS method utilized an AB Sciex Triple Quad
5500 LC-MS/MS system with a column (Raptor Biphenyl
1.8 pm 30%2.1mm) to analyze the concentrations of IVM.
200 pL of acetonitrile containing IS mixture (IS:
dexamethasone and verapamil) was added to 50 pL of rat
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plasma for precipitating protein. Then the samples were
vortexed for 30 s. After centrifugation at 4°C, 4000 rpm for
15 min. 10 pL of diluted supernatant was injected into the
LC/MS/MS system for quantitative analysis. The mobile
phase for this study was 10 mM ammonium acetate solution
in water (0.1%FA) (solvent A): 95% Acetonitrile in Water
(0.1% Formic acid) (solvent B) with the flowing rate at 0.6
mL/min. The gradient was 0.20min, 80% solvent A: 20%
solvent B; 0.80min, 0% solvent A: 100% solvent B;1.60min,
0% solvent A: 100% solvent B; 1.61min, 80% solvent A:
20% solvent B; 1.80min, 80% solvent A: 20% solvent B.
The multiple reaction monitoring (MRM) of
892.39—569.10 m/z was used for IVM in plasma. A
standard curve for IVM (1-1000 ng/mL) was prepared by
serially diluting IVM stock solution. The intra-day and
inter-day precision and accuracy variations were within
20%.

Data Analysis

WinNonlin (PhoenixTM, version 8.3) software was used
for pharmacokinetic calculations. The pharmacokinetic
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Figure 6: In vitro dissolution test of VM, solid dispersion (SD3, IVM: PVPK30: P188=1:0.5:1.5), PM and
commercial tablets.
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Figure 7. The mean concentration of IVM in rats’ plasma after oral administration of pure IVM, SD3 and commercial
tablets in a dosage of 20mg/kg (n=3).
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Table 1. Pharmacokinetics parameters after administering pure IVM, SD3, commercial tablets to rats.

Parameters Pure IVM SD3 Commercial tablet A Commercial tablet B
Ti2(h) 16.0+8.1 21.6+18.4 16.4+4.7 14.6+10

Tmax (h) 4.00+0.00 3.33+1.15 3.33+1.15 4.00+0.00

Crax (ng/mL) 1780+520 2657+369 1930+280 17034325

AUCas (h*ng/mL) 26342+6844 3947949434 22822410939 25900+6350

AUCHyr (h*ng/mL) 41137+5488 84336+67839 50121+£19279 42435427305
MRTis_obs (h) 24.1£12.8 31.8427.2 24.7+£7.4 21.8+15.1

CI/F_obs (mL/h/kg) 492+70.8 339+193 4554218 5904277

Tas, elimination half-life; Tmax: time to reach Cmax; Cmax, maximum plasma concentration; AUC.st, area under the
plasma concentration curve from zero to 24 h; AUCInf, area under the plasma concentration curve from zero to
infinity; MRT, mean residence time; CI/F_obs, the parent clearance.

data will be described using descriptive statistics such as
mean, standard deviation.

Absorption rate constant (Ka) calculation

A method of residuals was used to calculate Ka. Starting
with the equation (1) for Cp versus time after oral
administration:
Cp=F*Dose*Ka*[e-Kel*t-e-Ka*t]/V*(Ka-Kel)...(1)
Where, A= F*Dose*Ka/V*(Ka-Kel)

Equation (1) can be written as:

Cp=A*e-Kel*t-A*e-Ka*t ...(2)

Where, Cplae=A*e-Kel*t

Plotting Cplate versus time gives a straight line on semi-
log graph paper, with a slope (In) = -kel and intercept = A.
Equation (2) can be written as:

Cplast-Cp= A*e-Ka*t...(3)

Where, Residual=Cplast-Cp

Plotting the In (Residual) versus time should give another
straight-line graph with a slope (In) equal to - ka and the
intercept as before, i.e. A.

10000 (

Cp is plasma concentration at time t, F is bioavailability, V
is volume distribution and Kel is elimination rate constant.

RESULTS AND DISCUSSION

Phase Solubility Study

The effects of different carriers on the solubility of IVM
were shown in Figure 2. Among the carriers, P 188 showed
the highest solubility, which can increase the solubility of
IVM to 91.28ug/ml. The results indicated a strong affinity
between [IVM and the co-polymer P188, which is beneficial
for enhancing IVM's solubility in water. As depicted in
Figure 1, an ivermectin molecule comprises three hydroxyl
groups, whereas P188 features numerous oxygen atoms
serving as hydrogen bond acceptors. Additionally, both
ivermectin and P188 contain several ether units. According
to the "Like Dissolves Like" principle, this structural
similarity contributes to their strong affinity for each other?*
25 However, in our research, P188 as a carrier, SD was so
sticky and hard to operate. In addition, binary systems have
some big challenges such as physical stability, wettability,
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Figure 8: The Ka calculation of pure IVM and SD3 after oral administration in a dosage of 20mg/kg.
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precipitation in dissolution media, and processability®®.
Review of research findings, ternary solid dispersion
systems can solve these difficulties by incorporating a third
component into the formulation’”> 2. So, we chose
combined carriers to make the solid dispersion. Through
phase solubility study, we found that PVP K30 also can
increase the solubility of IVM to 7.52 ug/ml. And PVPK30
is a hydrophilic polymer and the most used in SD
formulations®. Therefore, we chose PVPK30 and P188 to
make the SD of IVM, and because the hydrotropy of P188
was stronger than PVPK30, the ratio of P188 was higher.
Optimization of the ratio of PYPK30 and P188

The results were shown in Figure 3. The dissolved quantity
of all SDs was above 80%. We also found that with the
increasing proportion of P188, SD had the higher dissolved
quantity, this result was consistent with the phase solubility.
However, in the SD preparation, a high percentage of P188
made the inhomogeneous state. Taking overall
consideration of all the factors involved, SD3 is the best.
We chose SD3 for further evaluation.

Characterization of IVM-SD3

XRD Analysis

XRD is a widely used method to investigate the state of the
pure drug and its polymer blend, which was amorphous or
crystalline®® 3!, The XRD results of IVM, PVPK30, P188
and SD3 were shown in Figure 4(A). The diffraction pattern
of PVPK30 showed no sharp peaks, indicating this polymer
was amorphous state. The diffraction spectra of IVM pure
drug had high and sharp peaks (red line) at diffraction angle
from 6.54° to 26.45°. The sharp peaks mean the presence of
a crystalline form of the drug. SD3 showed only diffraction
peaks at 19.14° and 23.21°, while P 188 also had peaks at
the same diffraction angle, which indicated the peaks in
SD3 were the crystals of P188. In conclusion, SD3 showed
an amorphous state. It may be due to the inhibition of
crystallization of PVPK30, may through a possible
chemical interaction (such as hydrogen bonding between
the drug molecules and the polymer), the other reason may
be the process of solvent evaporation used for preparing
solid dispersions®* 33, After the SD3 were kept in 4°C for 2
months, there were no changes in XRD pattern, which
indicated SD3 were stable during storage.

DSC Analysis

The differential scanning calorimetric of the IVM, PVPK30,
P188 and SD3 formulations are shown in Fig.4B. The DSC
thermogram of PVPK30 showed a small endothermic peak
at 138°C, and P188 showed an endothermic peak at 56°C,
corresponding to melting point respectively. IVM had an
endothermic peak at 158°C, corresponding to its melting
point. SD3 displayed changes in the peak, where it shifted
to a very low melting temperature of 51.9°C. This
phenomenon may be due to the mixing effect of amorphous
IVM and carriers*. In Figure 4(B), we cannot find the
endothermic peak of IVM in SD3, which indicated the
disappearance of crystalline of pure drug’> 3¢, The results of
XRD and DSC were consistent, indicating that SD3 was in
an amorphous state.

SEM Analysis

The scanning electron micrographs of the IVM, PVPK30,
P188 and SD3 formulations were shown in Fig.5. The [IVM

powder (Figure Se, f) had irregular crystals, which were
different shapes and sizes. PVPK30 (Figure 5a, b) and P188
(Figure 5c, d) showed typical morphologies. SD3 (Figure
5g, h) had fuzzy contours, suggesting that the drug appeared
to be amorphous and attached to the surface of hydrophilic
polymer and surfactant.

In Vitro Dissolution Study

The results of the dissolution tests for IVM, physical
mixture (PM), commercial tablets and SD3 over the period
of 45 min were shown to Figure 6. PM was prepared at the
same ratio of IVM: PVPK30: P188=1:0.5:1.5 as SD3, also
was milled and sieved (sieve # 60). From Figure 6, pure
IVM had low dissolution. We also found that the dissolution
was not changed by only adding carriers to [IVM (physical
mixture), which indicated that amorphous status plays arole
in dissolution. At 45min, SD3 showed the highest
percentage of drug release, indicating the formulation of
combined carriers PVPK30 and P188 with solvent method
can be a good strategy to improve the drug release and
solubility of IVM. Compared with the about 50%
dissolution percentage of commercial tablets, SD3 could
reach 93% at the same conditions. Also, for an initial 5 min,
the dissolved percentage of SD3 increased faster to 87%,
indicating solid dispersion had the faster drug release rate.
This result may be related to the physical-chemical
properties of P188 and PVPK30. P188 had better solubility
and wettability’”> 3%, and PVPK30 inhibited the
crystallization of drug, resulting in the amorphous state
form of IVM>°. Also, the amorphous state of IVM in SD3,
which can help increase dissolution rate, because no energy
is required to break up the crystal lattice®’. Then the results
of in vitro dissolution tests were validated using oral
pharmacokinetics of SD3 in Sprague Dawley rats.

In Vivo Pharmacokinetic studies

In this pharmacokinetic study, we used SD3, the pure drug
and commercial tablets to verify the correlation between the
in vivo and in vitro performance. The mean plasma
concentration-time  profiles and  pharmacokinetic
parameters of IVM (Cmax, T1/2, Tmax, AUClast, AUCinf,
MRTinf and CI/F) obtained after oral administration were
shown in Figure 7 and Table I. The correlation coefficient
of calibration curve of the IVM in plasma was 0.9972. The
results showed that the plasma exposure of IVM in SD3
increased compared with the pure drug and commercial
tablets. The bioavailability of commercial tablet B was
slightly worse than pure drug. The AUClast were 26342
h*ng/mL, 39479 h*ng/mL, 22822 h*ng/mL and AUCinf
were about 41137 h*ng/mL, 84336 h*ng/mL, 50121
h*ng/mL for pure drug, SD3 and commercial tablet A
respectively. The relative oral bioavailability of SD3 and
commercial tablet A were 205%, 122% compared to pure
drug. The maximum peak plasma concentration (Cmax) of
pure drug, SD3 and commercial tablets were 1780 ng/mL,
2657 ng/mL, 1930 ng/mL and 1703 ng/mL respectively.
SD3 enhanced the Cmax of the drug, accounting for 1.49
(pure drug), 1.38 (commercial tablet A) and 1.56-fold
(commercial tablet B) improvement. Compared to pure
drug, the clearance of the drug in SD3 was reduced from
492 mL/h/kg to 339 mL/h/kg, resulting in the increased
T1/2 from 16.0 h to 21.6h. Compared to commercial tablets,
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though SD3 showed 39.6 and 34.7 -fold improvement of
drug loading, the clearance of the drug in SD3 was reduced
from 455 mL/h/kg(commercial tablet A) and 590
mL/h/kg(commercial tablet B) to 339 mL/h/kg, resulting in
the increased T1/2 from 16.4 h (commercial tablet A) and
14.6h (commercial tablet B) to 21.6h. Thus, the solid
dispersion of IVM with PVPK30 and P188 in a 1:0.5:1.5
ratio improved solubility and dissolution, which was
translated in higher rat PK oral bioavailability.

Absorption rate constant (Ka) calculation and intestinal
permeability

The results for the absorption rate constant (Ka) of the pure
drug and the solid dispersion SD3 are shown in Figure 8.
We found that the Ka values for the pure drug and SD3 were
0.634 h™' and 1.306 h', respectively, indicating that the Ka
of SD3 was 2.05 times higher than that of the pure drug.
This increased rate not only raises the maximum plasma
concentration (Cmax) but also reduces the time to reach
Cmax (Tmax) *'*#2, P188, a nonionic surfactant, effectively
inhibits P-glycoprotein (P-gp) transport, thereby increasing
the intestinal permeability of IVM *. Additionally, IVM
itself acts as both an inhibitor and a substrate of P-gp
transport, with an inhibition IC50 of 440 nM *. In our
amorphous solid dispersion SD3, the concentration of IVM
is significantly higher than that of pure IVM, which
provides greater inhibition and saturation of P-gp efflux in
the intestine. This leads to an increased Ka and enhances
intestinal permeability*> 4.

CONCLUSION

In this study, we have engineered a robust [IVM amorphous
solid dispersion (SD3) through meticulous optimization of
carrier ratios. XRD, DSC and SEM analysis indicated that
IVM showed the amorphous state in solid dispersion. This
advancement streamlines production processes, augments
drug loading, and notably improves absorption and
bioavailability, including the absorption constant Ka and
intestinal permeability. Our innovative formulation
surpasses commercial tablets, yielding elevated plasma
exposure. Consequently, it emerges as a promising
therapeutic option, potentially enhancing clinical efficacy.
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