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INTRODUCTION

Drug dissolution refers to the rate and extent of drug 
release from solid preparations (such as tablets, 
capsules, or granules) in a specific medium (1). 

Because the dissolution rate directly affects the absorption 
and utilization of drugs in vivo, the dissolution test has 
become one of the indicators to evaluate the quality of 
drug production (2–4). Dissolution is widely used in the 
development of solid dosage forms, raw materials, and 
new drugs (5, 6). The main factors affecting dissolution 
are variations in the crystalline form, preparation form, 
formulation and excipients, manufacturing process, 
and drug interactions (7–9). The surface free energy of 
different crystal forms affects the dissolution rate and 
bioavailability of drugs. Studies have shown that different 
crystalline forms of the same drug have different 
absorption in vivo (10, 11). Dissolution is an important 
quality control indicator used to evaluate the consistency 
of different production batches. The dissolution test 
is applicable not only to solid dosage forms but also to 
active pharmaceutical ingredients (APIs) (12).      

The United States FDA approved Entecavir (ETV) 
(Baraclude, Bristol-Myers Squibb Co. Ltd) for the treatment 
of chronic hepatitis B in 2005 (12). ETV is a carbocyclic 
2’-deoxyguanosine analogue, which can phosphorylate 
into a triphosphate form that can inhibit hepatitis B 
virus (HBV) in active cells (13). ETV is chemically defined 
as 2-amino-1, 9-dihydro-9- ((1S,3R,4S) -4-hydroxy-3-
(hydroxymethyl)-2-methylenecyclopentyl)-6H-purin-6-
one. Entecavir monohydrate (ETV-H) is the API used in 
commercial ETV tablets (14). As a polymorphic impurity 
of ETV-H, entecavir anhydrate (ETV-A) may occur in the 
ETV-H production process (15). 

Most patients who take ETV are elderly or infirm, and the 
pH value and motility of the gastrointestinal environment 
are quite different from those of young people. To 
investigate the dissolution of ETV-H and ETV-A, four 
dissolution media with pH values of 1.2, 4.0, 6.8, and 
7.0 (ultrapure water) were selected for this study. The 
dissolution medium at pH 1.2 was usually used to simulate 
the gastric acid environment, pH 4.0 was used to simulate 
the gastric environment of elderly or weak patients, and 

Predicting Dissolution of Entecavir Using the Noyes 
Whitney Equation 
 
Yanlei Kang1, Jiahui Chen1, Zhenyu Duan1, and Zhong Li1*   
1Zhejiang Province Key Laboratory of Smart Management & Application of Modern Agricultural Resources, School of Information Engineering, Huzhou 
University, Huzhou, Zhejiang, China. 

ABSTRACT
The dissolution rate of a drug directly affects its absorption and utilization in vivo. The dissolution test is used to evaluate 
the quality of formulation and production process. Entecavir is approved by the United States FDA for the treatment of 
chronic hepatitis B. Entecavir monohydrate (ETV-H) is used in commercial ETV tablets. The anhydrous form of entecavir 
(ETV-A) often appears as an impurity polymorph during the preparation process. This study aims to investigate the 
dissolution behavior of ETV-H in four dissolution media (water, pH 1.2, pH 4.0, and pH 6.8) and compare with those of 
ETV-A. The dissolution rates of ETV-H at pH 6.8, pH 4.0, and ultrapure water were faster than those of ETV-A, resulting 
in faster complete dissolution of ETV-H. To save time in the dissolution testing, an analytical method based on the Noyes 
Whitney equation is proposed to obtain the fitted (predicted) dissolution curve. Differences (loss values) between the 
predicted and experimental dissolution curves for ETV-H at pH 6.8 and pH 1.2 were 0.0013 and 0.016, respectively. The 
proposed analytical method can save up to 75% of experimental time and can be used for dissolution testing of active 
pharmaceutical ingredients in the production of pharmaceutical crystals.     

KEYWORDS:  dissolution, analytical method, entecavir, Noyes-Whitney equation

dx.doi.org/10.14227/DT300123P38

email: lizhong@zjhu.edu.cn

*Corresponding author



39FEBRUARY 2023
www.dissolutiontech.com

pH 6.8 was used to simulate intestinal environment.

In previous literature, the dissolution of ETV-H was 
investigated by HPLC (16, 17) and Raman spectroscopy 
(18). In this paper, the dissolution of ETV-H was 
investigated with UV-Visible spectrophotometry. To save 
time with dissolution testing of APIs with polymorphic 
impurities such as ETV, an analytical method based on 
the Noyes Whitney equation was developed. The method 
was validated with dissolution of ETV-H in different media. 

MATERIALS AND METHODS
Materials
ETV-H was obtained from Zhejiang Ausun Pharmaceutical 
Co., LTD (purity > 99.9%). ETV-A was recrystallized by 
dissolving ETV-H solid powder in a methanol solvent 
using a cooling crystallization method. Standard Entecavir 
(Batch No. 101248-201503) was purchased from China 
Institute for Food and Drug Control, and the calculated 
C12H15N5O3 content was 93.8%.

Hydrochloric acid (HCl), potassium hydroxide (KOH), 
sodium dihydrogen phosphate (NaH2PO4), sodium 
hydroxide (NaOH), acetic acid (CH3COOH), sodium 
acetate (CH3COONa), potassium chloride (KCl), and boric 
acid (H3BO3) were used for solubility and dissolution 
determination. All reagents were purchased from Aladdin 
Ltd. (Shanghai, China), were of analytical grade, and 
were used without further purification. Ultrapure water 
was prepared by Arium Mini ultrapure water system 
(Sartorius, Goettingen, Germany).

Preparation of Tablets for Dissolution Determination
ETV-H powder and ETV-A powder (150 mg of each crystal 
form) were pressed respectively for 1 minute with YP-15 
manual powder tablet press (Tianjin Zhongshi JOSVOK 
Technology Development Co., Ltd., China). The tablet 
diameter was 10 mm, and the pressure was 25 MPa. The 
measured thickness of the compressed tablet was about 
1 mm. A total of 12 tablets were pressed for each crystal 
form.

All weighing operations were performed in XS205DU 
electronic balance (METTLER TOLEDO Instrument Co., 
Ltd, Switzerland) with an accuracy of 0.01 mg. 

Preparation of Dissolution Media
The HCl solution at pH 1.2 was prepared according 
to the Chinese Pharmacopoeia (ChP). HCl with a mass 
concentration of 37% (7.65 mL) was transferred to a 1000-
mL volumetric flask, then ultrapure water was added to 
the tick mark.

The acetate buffer solution at pH 4.0 was prepared 

according to ChP. Acetic acid (114 mL) was added to a 
1000-mL volumetric flask, then ultrapure water was 
added to tick mark to obtain a 2 mol/L solution. Sodium 
acetate (1.22 g) and the acetic acid solution (20.5 mL) 
were added to a 1000-mL volumetric flask, and then 
ultrapure water was added to the tick mark.

To prepare the phosphate buffer solution at pH 6.8, 
NaOH (8.0 g) was transferred to a 1000-mL volumetric 
flask and ultrapure water was added to the constant 
volume to obtain the NaOH solution with a concentration 
of 0.2 mol/L. Potassium dihydrogen phosphate (6.8 g) 
and sodium hydroxide solution (0.2 mol/L, 112 mL) were 
transferred to a 1000-mL volumetric flask, and then 
ultrapure water was added to dilute to the constant 
volume. 

All dissolution media were degassed under vacuum 
before use with a ZKT-18F vacuum degasser (Tianjin 
Tianda Tianfa Technology Co., Ltd.) at 0.05 MPa vacuum 
degree for 30 minutes. 

Dissolution Experiments
To obtain the dissolution curves for comparison of the 
two substances, we used the same weight of ETV-A and 
ETV-H. The moles of ETV in ETV-A and ETV-H were not 
the same, so, the UV spectrum of ETV-H and ETV-A was 
slightly different. 

Standard Entecavir (7.5mg) was added to a 250-
mL volumetric flask, diluted with ultrapure water to 
volume. A solution with a concentration of 30 μg/mL 
was obtained. Then the solution was diluted to a series 
of ETV-H solutions with concentration of 25, 20, 15, 10, 
and 5 μg/mL. According to the content of C12H15N5O3 
in standard entecavir (93.8%), a series of ETV-A solutions 
were prepared with concentrations of 30, 25, 20, 15, 10, 
and 5 μg/mL. All standard solutions of ETV-H and ETV-A 
were measured at 253 nm against blank solution to obtain 
absorbance, and each concentration was measured three 
times. Finally, the standard curves of ETV-H and ETV-A 
were plotted according to the UV absorption intensity 
at 253 nm of different concentrations (Figs. 1c and 1d). 
The UV spectrum of ETV-H and ETV-A in HCl solution is 
shown in Figure 1e, and the absorption peaks of ETV-H 
and ETV-A appeared at 255 nm (the standard curves are 
shown in Figs. 1f and 1g). The absorption peaks of ETV-H 
and ETV-A at pH 4.0 and 6.8 were consistent with that 
in water. The standard curves of ETV-H and ETV-A in pH 
4.0 and pH 6.8 were also obtained referred to the above 
method (not shown).

All dissolution experiments were performed using the 
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paddle dissolution apparatus and RCZ-8M drug dissolution 
meter (Tianjin Tianda Tianfa Technology Co., Ltd., China), 
which had eight dissolution vessels (1000-mL capacity) 
and eight paddle shafts. Concentration of the solution 
was analyzed with a Cary 60 UV-Vis spectrophotometer 
(Agilent, USA). 

The dissolution tests were conducted at 37 ± 0.5°C with 
a speed of 250 rpm in 900 mL of dissolution media. 
Samples (5 mL) were withdrawn at different time points 
and filtered through 0.45-μm nylon filters (Sarrtorius, 
Germany). The dissolution medium was replaced with 
the same temperature and volume (5 mL). Then samples 
were analyzed at the wavelength of 253 nm by the UV-Vis 
spectrometer. Experiments were conducted in triplicate, 
and the relative standard deviation (RSD%) value was 
calculated at each time point. The concentration at each 
time point was obtained according to the standard curve. 
The experiment was stopped when ETV-H or ETV-A 
tablets were completely dissolved.

The analytical method was performed using Matlab 
R2017b (Mathworks Inc., MA, USA).

Characterization of Entecavir Polymorphs
ETV-H and ETV-A were characterized by powder x-ray 
diffraction (PXRD) to verify the purity of both crystal 
forms. A Rigaku D/Max-2550 powder diffractometer 
(Rigaku Co., Japan) was used, with a CuKα radiation 
source, λ = 1.54059Å, at 40 kV and 250 mA. The scans 
ran from 3.0° to 50.0° (2θ), with an increasing step size 
of 0.02° (2θ) and count time of 2 s per step. Data were 
processed using MDI Jade software (version 9.0). 

RESULTS AND DISCUSSION
Calibration Curve
The PXRD results of ETV-H and ETV-A showed that these 
two crystal forms had distinct characteristic peaks (Fig. 
1a). ETV-H and ETV-A had no change in crystal form after 
tablet pressing. Both ETV-H and ETV-A had UV absorption 
peaks at 253 nm (Fig. 1b). 

Dissolution Curves
The dissolution test results are shown in Figure 2. 

At pH 1.2, the sampling time points were 3, 6, 9, 12, 15, 
20, 25, 30, 35, 40, 50, 60, 70, 80, and 90 minutes (Fig. 2a). 
The dissolved amount of ETV-H and ETV-A both reached 
90% at 15 minutes, indicating rapid dissolution at pH 1.2. 
There was no significant difference in the dissolution rate 
between ETV-H and ETV-A. 

At pH 4.0, the sampling time points were 3, 5, 10, 15, 20, 
25, 30, 40, 50, 60, 70, 80, 100, 120, 140, 160, 180, 200, 220, 

240, 280, 300, and 320 minutes (Fig. 2b). The cumulative 
release of ETV-H exceeded 90% at 120 minutes and 99% 
at 180 minutes. The cumulative dissolution of ETV-A 
exceeded 90% at 240 minutes and 99% at 300 minutes. 
The dissolution rate of ETV-H at pH 4.0 was faster than 
that of ETV-A.

At pH 6.8, the sampling time points were 3, 5, 10, 15, 20, 
25, 30, 40, 50, 60, 70, 80, 90, 100, 120, 140, 160, 180, 
200, 220, 240, 260, 280, 300, 320, 340, and 360 minutes 
(Fig. 2c). The cumulative release of ETV-H was over 90% 
at 160 minutes and 99% at 260 minutes. The dissolution 
of ETV-A exceeded 90% at 220 minutes and 99% at 260 
minutes. At pH 6.8, ETV-H dissolved faster than ETV-A 
before cumulative drug release reached 90%.

In ultrapure water, the sampling time points were 3, 5, 
10, 15, 20, 25, 30, 35, 40, 50, 60, 70, 80, 90, 100, 110, 120, 
160, 180, 200, 220, 240, 260, 280, 300, and 320 minutes 
(Fig. 2d). The cumulative release of ETV-H and ETV-A 
exceeded 90% at 140 and 220 minutes, respectively, 
and complete dissolution was reached at 160 and 280 
minutes, respectively. The dissolution rate of ETV-H was 
faster than that of ETV-A in pure water.

To sum up, under the same experimental conditions, the 
dissolution rate of ETV-H was higher than that of ETV-A 
in dissolution medium of pH 4.0, pH 6.8, and ultrapure 
water. The dissolution profiles at pH 1.2 differed from 
those at pH 4.0, pH 6.8, and ultrapure water, which 
may be due to the protonation of ETV in the dissolution 
medium at pH 1.2 (19). Therefore, after the API dissolved 
at pH 4.0, pH 6.8, and in ultrapure water, the pH value of 
the dissolution solution remained constant, and the pH of 
dissolution medium may change at pH 1.2.

Analytical Method for Predicting the Dissolution Curve
The earliest report of the dissolution rate equation was 
jointly proposed by Noyes and Whitney in 1897 (20).

During the dissolution process of the drug, the surface 
area of the drug is constantly changing. Assuming that the 
initial volume of the tablet is Vt, and the volume of drug 
dissolved in the dissolution medium at time t is Vd, then, 
during the drug dissolution process, the undissolved solid 
volume of the drug at time t is Vu = Vt – Vd. Dissolved solid 
volume correlates with the drug surface area. 

When the drug is a cylindrical solid tablet, the tablet’s 
surface area is S = πr2 + 2πrh, and the tablet’s volume is 
πr2h, where r represents the radius of the bottom surface 
of the tablet, and h is the height of the tablet. Assuming 
that the height of the tablet is βr, then S = πr2 (1 + 2β) and 
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Figure 1. Powder x-ray diffraction of ETV-A and ETV-H (a); UV spectra of ETV-A and ETV-H in water (b); UV absorption standard curve of ETV-A 
in water (c); UV absorption standard curve of ETV-H in water (d); UV spectra of ETV-A and ETV-H at pH 1.2 (e); UV absorption standard curve of 
ETV-A at pH 1.2 (f); and UV absorption standard curve of ETV-H at pH 1.2 (g). ETV-A: entecavir anhydrate; ETV-H: entecavir monohydrate; UV: 
ultraviolet.
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Vt = πr2 × βr. Then r = (Vt / πβ)2/3. The tablet surface area 
can be expressed as S = 2π (1 + 2β) (Vt / πβ)2/3. If α = 2π (1 
+ 2β) (1 / πβ)2/3, then S is transformed to S = α (Vt)2/3. 

If the volume of the tablet remains a cylinder during the 
dissolution process, then the Noyes-Whitney equation is 
converted into:

 
 
                                                                      
where Cs refers to the saturated solubility of the drug, 
k is the dissolution rate constant, S means the surface 
area of the drug, and Ct denotes the solubility of the 
drug in the solvent at time t, which is the instantaneous 
concentration. At time t, Vd is determined by Ct, the tablet 
density ρ, and solvent volume Vs. Then Eq. (1) is converted 
as follows:

 
                                                                

Assuming that the concentration of the drug after 
complete dissolution in the dissolution medium is Cd, it 
can be calculated by the following equation: Cd = (Vt × ρ) / 
Vs. Then Eq. (2) can be transformed into:

  
                                                               

During the dissolution process, Vs is always 900 mL by 
replenishing the solution. So, in Eq. (3), k, α, Vs, ρ are 
constants. If K = kα (Vs / ρ)2/3, then Eq. (3) can be converted 
to:

                                                             

Figure 2. Dissolution curves of ETV-H and ETV-A at pH 1.2 (a), pH 4.0 (b), pH 6.8 (c), and in pure water (d). ETV-A: entecavir anhydrate; ETV-H: 
entecavir monohydrate.
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where K is a constant. The key to solving Eq. (4) is to find 
the value of K. The analytical method refers to predicting 
the whole dissolution curve through a small amount of 
dissolution test data using Eq. (4), which is derived from 
the Noyes Whitney equation.

As an example, the dissolution data of ETV-H in the pH 6.8 
medium at different time points (including the time point 
and drug concentration in the dissolution medium at this 
time point) were imported into Matlab. The K value in the 
dissolution curve was obtained by selecting the data for 
a certain number of time points, then K was substituted 
into Eq. (4) as follows. 

According to the existing literature, the saturated 
solubility of ETV-H in the dissolution medium of pH 6.8 
is 2.5 mg/mL at 37 °C (19). Saturated solubility can be 
calculated as follows. Assume that the drug concentration 
in the dissolution medium is Ct1 at time t1 and Ct2 at time 
t2. Then the concentration difference is divided by the 
time difference to get the dissolution rate k1 between 
two adjacent points, which is equal to the dC / dt value: 
k1 = dC / dt = (Ct2 – Ct1) / (t2 – t1). The constant K in Eq. (4) 
is calculated as K = k1 / (Cd – Ct1)2/3(Cs – Ct1). The constant 
K between time t1 and t2 is k1. It can be inferred that 
between time t2 and time t3, the constant K is k2, and 
the constant K between time t–1 and time t is kt–1. 
Substituting k1, k2, ..., kt–1, the obtained average value 
is equal to K in Eq. (4), and the fitted dissolution curve 
can be obtained. During the calculation, the dissolution 
curve obtained from K fluctuates in the instantaneous 
concentration values near the time point of complete 
dissolution. Thus, Eq. (4) can be converted to:

 
  
                                                               

By comparing the fitted (predicted) curve with the actual 
(experimental) dissolution curve, the sum of the squares of 
the concentration difference between the two curves can 
be obtained. The number of data points corresponding 
to the smallest loss value can be chosen as the optimal 
number of samples to predict the dissolution curve.

Figure 3 shows the comparison between the predicted 
and experimental curves for ETV-H at pH 6.8. When the 
number of data points was eight (i.e., 3, 5, 10, 15, 20, 
25, 30, and 40 min), the loss value was the smallest at 
0.0013. At this point, the predicted curve was closest to 
the experimental curve. For these eight data points, the 
calculated average K value was 0.00195, and the standard 
deviation was 2.66 × 10-5. 

Figure 3.  Determination of required number of experimental data points 
needed to predict the dissolution curve for ETV-H at 6.8. Loss values reflect 
differences between fitted (predicted) and actual (experimental) results. 
ETV-H: entecavir monohydrate.

As shown in Figure 4, the predicted dissolution curve 
tended to agree with the actual dissolution curve at pH 
6.8. Therefore, only the dissolution sampling results 
within 40 minutes were needed to obtain the predicted 
dissolution profile according to Eq. (5). Thus, this analytical 
method can greatly reduce the experimental time.

For the dissolution of ETV-H at pH 1.2, the loss value 
between the predicted with actual dissolution curve 
was obtained by selecting different data points. As 
shown in Figure 5, the loss value was the smallest (0.016) 
when taking the first four experimental data (i.e., 3, 6, 
9, 12 min). These four data points were used to predict 
and fit the dissolution curve, as shown in Figure 6. The 
average K value was  0.002, and the  standard  deviation 
was 6.67 × 10-5. The predicted dissolution curve was 
in good agreement with the experimentally obtained 
dissolution curve. The saturated solubility of ETV-H was 
approximately 25 mg/mL at 1.2 at 37 °C (19).

dC
dt

=  −  
2
3(Cs  − C ) Eq. (5)C(Cd ) K | |

Figure 4.  Comparison of predicted dissolution curve (blue line) and 
experimental results (red dots) of ETV-H in pH 6.8. ETV-H: entecavir 
monohydrate.
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Figure 5.  Determination of required number of experimental data points 
needed to predict the dissolution curve for ETV-H at 1.2. Loss values reflect 
differences between fitted (predicted) and actual (experimental) results. 
ETV-H: entecavir monohydrate.
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CONCLUSIONS 
The dissolution behavior of ETV-H in four dissolution 
media was comprehensively investigated and compared 
with that of ETV-A. The dissolution rate of ETV-H in 
pH 6.8, pH 4.0, and ultrapure water was faster and the 
complete dissolution time was shorter than that of ETV-A. 
A soft-sensor analytic method for predicting the ETV-H 
dissolution curve using the Noyes Whitney equation was 
proposed. The dissolution curves of ETV-H in acidic and 
weak alkaline media (pH 6.8 and 1.2) were predicted. The 
predicted curves were consistent with the experimental 
results, differences (loss values) of 0.0013 and 0.016 at pH 
6.8 and 1.2, respectively. This dissolution test method can 
save up to 75% of the experimental time for dissolution 
testing of bulk APIs. 
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