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Souhrn

Nervově paralytické látky jsou v  současné době často 
zneužívané při teroristických útocích nebo atentátech. 
V  takových případech je potřeba jejich rychlé, přesné 
a snadné detekce přímo v terénu. To umožňují detekční 
trubičky, které obsahují jako náplň pelety s imobilizova-
nou cholinesterasou a detekční činidla. Princip jejich de-
tekce je založen na vysoce citlivé enzymatické Ellmanově 
reakci, při které v nepřítomnosti inhibitorů cholinesteras 
dochází na peletách ke vzniku žluté barvy, naopak v je-
jich přítomnosti si nosič ponechává původní barvu. Rych-
lost reakce, její citlivost a zřetelnost barevného přechodu 
při detekci jsou pak stěžejními body výzkumu. V rámci 
experimentu byly připraveny pelety s dvojitým obalem, 
kde první obal obsahoval enzym butyrylcholinesterasu 
imobilizovanou v hypromelose a druhý obal byl tvořený 
ethylcelulosou a  triethyl citrátem. Na základě vlastnos-
tí těchto vzorků byly dále připraveny i šarže obsahující 
laktosu dispergovanou v ethylcelulosovém obalu, od kte-
ré se očekával vliv na zvýšení permeability obalu, a tím 
i  rychlosti detekce a  intenzity zbarvení. U  nosičů byla 
kromě vybraných fyzikálně-chemických vlastností hod-
nocena aktivita enzymu, jeho citlivost a intenzita barev-
ného přechodu. Šarže vykazující nejlepší vlastnosti byly 
podrobeny 24měsíčnímu testu stability při třech různých 
teplotách a vlhkostech.
Klíčová slova: ethylcelulosa • pelety • cholinesterasa • 
detekční trubička • nervově paralytická látka

Introduction

Cholinesterase inhibitors are a  group of substances 
among which belongs pharmaceuticals (donepezil, tacrine, 
rivastigmine, etc.)1–4), pesticides (organophosphorus –  
parathion, malathion, dichlorvos or carbamate – 
carbofuran, aldicarb)5, 6) and most importantly nerve 
agents (G agents – soman, sarin, tabun, cyklosarin; 
V agents – VX, R-33 or Novichok type substances)7, 8).  
These substances inhibit reversibly or irreversibly 
acetylcholinesterase (eventually butyrylcholinesterase). 
Acetylcholinesterase (AChE) is an enzyme responsible for 
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Summary

Currently, nerve agents are often used in terrorist attacks or 
assassinations. In such cases, it is necessary to detect them 
quickly, accurately and easily right in the field. Detection 
tubes, which are small devices containing pellets with 
immobilized cholinesterase and detection reagents, meet 
these conditions. Their detection mechanism is based 
on a  highly sensitive enzymatic Ellman reaction, when 
in the absence of cholinesterase inhibitors the pellets 
develop a visible yellow color, whereas in their presence 
the carriers retain the original color. The rate of reaction, 
its sensitivity and the distinct color transition are the key 
points of the research. In this experiment, double-coated 
pellets were prepared. The first coating contained the 
butyrylcholinesterase immobilized in hypromellose, while 
the second coating consisted of ethylcellulose and triethyl 
citrate. Based on the properties of such carriers, samples 
containing lactose dispersed in the ethylcellulose coating 
were also prepared, which was expected to have an effect 
on increasing the permeability of the coating and hence the 
detection rate and color intensity. In addition to selected 
physicochemical properties, carriers were evaluated for 
enzyme activity, sensitivity and color transition intensity. 
Samples showing the best properties were subjected to 
a 24-months stability test at three different temperatures 
and humidity.
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of 8–11 mPa · s) was utilized as the main component 
of the secondary layer with triethyl citrate as suitable 
plasticizer28). Five samples with different thickness of 
EC coating were prepared and evaluated for their activity 
and inhibition. Based on the results, lactose was added 
into the EC coating, as it was expected to facilitate pore 
formation, thereby increasing activity. After all samples 
were evaluated, four samples with sufficient activity 
were selected and subjected to a  24-months stability 
test at three different temperatures and humidity levels 
as recommended by WHO29). Results were statistically 
evaluated by means of analysis of variance (ANOVA) or 
paired t-test. 

Experimental part

Materials
Avicel®  PH  101 microcrystalline cellulose (MCC, 

FMC Biopolymer, Ireland), Pharmacoat®  606 
hypromellose (HPMC, Shin-Etsu, Japan), 
butyrylcholinesterase (BuChE, Sigma-Aldrich, USA), 
AqualonTM N10 PHARM ethylcellulose (EC, Ashland, 
USA), triethyl citrate (TEC, Sigma-Aldrich, USA), 
Pharmatose® 200 M lactose (DFE Pharma, Germany), 
ethanol 96% (Dr. Kulich Pharma, Czech Republic) and 
purified water (Ph. Eur. 9) were used for the preparation 
of double-coated spherical pellets. Disodium phosphate 
dodecahydrate, potassium dihydrogen phosphate 
(Sigma-Aldrich, USA), sodium hydrogen carbonate, 
ethanol  96%, isopropyl alcohol (Dr. Kulich Pharma, 
Czech Republic), S-butyrylthiocholine iodide (Sigma-
Aldrich, Switzerland), 5,5’-dithiobis-2-nitrobenzoic acid 
(Sigma-Aldrich, USA), physostigmine (Sigma-Aldrich, 
USA) and purified water (Ph. Eur. 9) were used for the 
activity and inhibition tests. All ingredients were of 
analytical grade.

Sample preparation
The preparation of samples was based on previous 

experiment, which utilized Eudragit® RL as 
a semipermeable film-forming agent19, 26). In the present 
study, an influence of ethylcellulose coating on pellets 
properties was examined. At first, microcrystalline 
cellulose and purified water were mixed in a 1 : 1.1 ratio 
in Stephan UMC 5 mixer (A. Stephan u. Söhne GmbH & 
Co., Germany). Moistened MCC was then extruded using 
a single-screw axial extruder/spheronizer PharmTex 35 T  
(Wyss & Probst Engineering, Switzerland) through an 
extrusion membrane with 1.25-mm pores at a screw speed 
of 60 rpm. Thereafter spheronization was performed at 
1000 rpm for 5 min. Prepared inactive pellet cores were 
dried in a hot air oven Horo 038 A (Dr. Ing. A. Hoffman 
GmbH, Germany) at 60 °C for 24 h. The dried pellet cores 
underwent sieve analysis (AS200 Basic, Retsch GmbH 
& Co., Germany) and the size fraction of 0.8–1.25 mm  
was used for the coating to ensure optimal physical 
properties of the carriers17).

In the next step, the inactive cores were coated 
with aqueous dispersion of a  hypromellose and 

hydrolytic inactivation of neurotransmitter acetylcholine. 
In case of its inhibition, acetylcholine accumulates at 
nervous synapses and stimulate nicotinic and muscarinic 
receptors. This may lead to a cholinergic crisis associated 
with generalized seizures and respiratory insufficiency 
leading to multi-organ failure and death9–12). In order 
to reduce the health risks associated with exposure to 
cholinesterase inhibitors, an adequate treatment should 
be given to affected persons as soon as possible13). This 
requires rapid detection of substances responsible for 
poisoning.

Detectors are usually based on enzyme reaction (e.g. 
detection tubes or strips) or various physicochemical 
methods (e.g. GC-MS, IMS, FTIR spectroscopy) with 
enzyme-based detectors having the highest sensitivity. As 
mentioned above, detection tubes are such type of detector 
whose other advantages are low cost, easy manufacture 
and handling14). The current design of the tubes and used 
detection reagents make it possible to achieve a sensitivity 
of up to 0.005 mg · m–3. The tube consist of two ampoules 
with buffer and two layers, the first contains detection 
reagents adsorbed on crushed glass and the second is 
made of carriers in the form of spherical pellets with 
immobilized enzyme. The detection itself is based upon 
Ellman colorimetric reaction, during which a  visible 
yellow color develops on the carriers in the absence of 
cholinesterase inhibitors, otherwise the carriers retain their 
original color15, 16). The main advantages of this reaction 
are speed and simplicity. The major drawback is then an 
indistinct color transition from white to yellow, which is 
the subject of current research17–20). There is also risk of 
interferences with other substances, which can lead to 
bias in the results21, 22). Besides Ellman reaction, there are 
other colorimetric reactions with a more pronounced color 
transition, such as white to blue (indoxyl acetate) or yellow 
to dark violet (indophenol acetate), but these reactions are 
up to ten times slower21, 23). 

During the preparation of the carriers, immobilization 
of the enzyme is one of the most important steps since 
the enzymes in the free form tend to lose their activity 
rapidly24). The oldest and commonly used method is 
adsorption to an insoluble carrier due to its simplicity and 
low cost. Such a method has been utilized in recent studies 
in which matrix carriers had an enzyme immobilized on 
their surface17, 18, 20, 25). The main disadvantage of these 
carriers was the leaching of the enzyme into the solution, 
which made it difficult to observe the color transition on 
the pellets. To avoid that, a new composition of carriers 
was developed and recently published19). Immobilization 
of the enzyme in the hypromellose layer, which was 
sprayed onto inactive pellet cores, reduced costs by 
reducing the amount of enzyme required. In addition, the 
semipermeable second layer of Eudragit® RL prevented 
enzyme leaching and intensified the color transition on 
the surface of the pellets19, 26). 

Apart from copolymers of acrylic and methacrylic 
acid, such as Eudragit® RL and RS, ethylcellulose (EC) 
is often used as a semipermeable film-forming agent27). 
For this reason, EC (with MW = 75,000 and viscosity 
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and substrate) was added. The speed of transition from white 
to yellow was evaluated visually for another 2 minutes and 
documented by photos using digital reflex camera (D5500, 
Nikon, Japan). Samples were considered active if a yellow 
color developed within this time limit.

Color intensity was evaluated from captured photos  
(0 and 120 s) during the activity test. Adobe Photoshop 
CS5 (Adobe Systems Inc., USA) with the eyedropper tool 
(101 × 101 pixels) was used to obtain and define color 
in 10 different areas with pellets on each photo. Using 
a statistical software R (version 3.6.1, The R Foundation, 
Austria), obtained RGB coordinates were converted to 
CIELAB color space and subsequently parameter ΔE2000 
was calculated to evaluate the color intensity. The above 
mentioned methodology was already validated17) and was 
further improved based on previous research18). 

Inhibition (sensitivity) was assessed similarly to test 
of activity, but instead of purified water a physostigmine 
test solution was used to moisten the samples. After 
a 10-minute incubation period, the Ellman’s test solution 
was added and the sample was visually observed for 
2 minutes and documented by photos. Samples were 
considered inhibited if they remained its original color for 
at least 2 minutes. Based on previous experiments17–19), 
various predefined concentrations of physostigmine 
were used until the minimal inhibition concentration 
(MIC) was determined. All test solutions were prepared 
according to the standard methodology17, 19).

Hardness was evaluated on ten randomly selected 
pellets of each sample using a  C50 Tablet Hardness 
Tester (Engineering Systems, UK) equipped with a C5 
cell for the pellet measurement. 

Friability was assessed on the TAR10 testing device 
(Erweka GmbH, Germany) at 20 rpm for 10 min 
using approximately 10 g of sample, which was put 
inside a  steel discs together with 200 glass spheres. 
Subsequently, the content of the steel disc was sieved 
to separate glass spheres, pellets and dust. Each sample 
was evaluated three times and the result was expressed as 
a percentage of weight loss.

Moisture loss during drying of the samples was 
analyzed using the Moisture Analyzer HX204 (Mettler 
Toledo, Switzerland) at 105 °C. Approximately 1.0 g of 

butyrylcholinesterase. The amount of HPMC was 
calculated for 5% weight gain with 200 IU of 
butyrylcholinesterase per 100 g of pellet cores. The 
coating process was performed at 40 °C in the coating 
device M-100 (MEDIPO, Czech Republic) using 
a  Wurster column. Pellets were subsequently dried at  
25 °C for 24 h in the hot air oven.

At last, using the same coating procedure and 
conditions as mentioned above, pellets with hypromellose 
layer with immobilized BuChE were coated with an 
ethanol solution of ethylcellulose and triethyl citrate 
in a 4 : 1 ratio (samples EC1.5 – EC10; n = 1). Similar 
composition was used for samples EC1.5–5, EC1.5–10, 
EC1.5–15 and EC2.5–5, EC2.5–10, EC2.5–15 (n = 1) but 
with an additional content of dispersed lactose. The exact 
composition of the ethylcellulose coating is summarized 
in Table 1. Dried samples were sieved again to obtain the 
size fraction of 0.8–1.25 mm.

Stability test
Twenty-five grams of newly prepared samples EC1.5, 

EC1.5–5, EC1.5–10 and EC1.5–15 (n  =  3) were placed 
in three 100ml amber glass wide-neck bottles with PP 
cap (Rixius AG, Germany). The samples were stored for 
24 months in three KBF stability boxes (Binder, Germany) 
differing in set temperature and relative humidity (RH): 
25 ± 2 °C/60 ± 5% RH, 30 ± 2 °C/65 ± 5% RH and  
40 ± 2 °C/75 ± 5% RH. The properties of the samples were 
measured at time 0 (before stability test), 3, 6, 12 and 24 
months. The samples were evaluated for their enzyme 
activity, sensitivity, hardness, pycnometric density and 
sphericity. Color intensity was measured only at time 0, 12 
and 24 months, while moisture loss at time 0 and 24 months. 
Hausner ratio, friability and interparticular porosity were 
due to the small amount of samples measured only at time 0.

Evaluation of physicochemical properties
Activity was tested as the time (in seconds) required to 

develop an observable yellow color on the pellets after the 
addition of Ellman’s  test solution. Pellets were filled to a  
1.0 cm height into glass tubes of 0.5 cm diameter. Subsequently,  
0.2 ml of purified water was added and 3 minutes later an 
equal amount of test solution (containing Ellman’s reagent 

Table 1. Composition of semipermeable coating (calculated for 100 g of pellets)

EC coating (g)

 Sample EC1.5 EC2.5 EC5 EC7.5 EC10

AqualonTM N10 PHARM 1.2 2.0 4.0 6.0 8.0

Triethyl citrate 0.3 0.5 1.0 1.5 2.0

EC stands for ethylcellulose; 1.5, 2.5, 5, 7.5 and 10 is the percent increase in dry weight after coating; 5, 10 and 15 is the 
percentage of lactose in the coating composition

EC coating with lactose (g)

 Sample EC1.5–5 EC1.5–10 EC1.5–15 EC2.5–5 EC2.5–10 EC2.5–15

AqualonTM N10 PHARM 1.140 1.080 1.020 1.900 1.800 1.700
Triethyl citrate 0.285 0.270 0.255 0.475 0.450 0.425
Pharmatose® 200 M 0.075 0.150 0.225 0.125 0.250 0.375
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and Discussion. For statistical computations, software R 
(version 3.6.1) and QC.Expert 3.2 were used.

Results and discussion

In current study, a new type of double-coated pellets 
for the detection of cholinesterase inhibitors in liquids 
was prepared and evaluated. Ethylcellulose was selected 
based on its suitable properties, such as semipermeability 
and insolubility in aqueous media. Triethyl citrate was 
utilized as plasticizer based on other studies28, 31). The 
composition of the double-coated pellets allows better 
detection of cholinesterase inhibitors in liquids since the 
semipermeable coating prevents enzyme leaching and 
pellet cracking due to water uptake. This should also lead 
to a more intense color transition on the pellets as was 
observed in recent study19). The aim of this study was to 
find out how the ethylcellulose coating affect the activity, 
color intensity and sensitivity of the carriers as well as 
other physicochemical properties.

In the first step, five samples (EC1.5, EC2.5, EC5, 
EC7.5 and EC10) with different coating thicknesses were 
prepared and evaluated for their activity and sensitivity. 
It was found that only sample EC1.5 (which developed 
observable yellow color after 80  s) and sample EC2.5 
(after 90 s) had sufficient activity. The remaining samples 
(EC5, EC7.5 and EC10) did not develop any visible 
yellow color within 2 minutes due to excessive coating 
thickness. In terms of sensitivity, both active samples 
were inhibited with physostigmine concentration of  
0.5 µg · ml–1, which is sufficient for this type of detectors17, 18).  
When the activity results were compared to samples 
coated with Eudragit® RL, it was apparent that the EC 
coating had a much lower permeability. 

In the second step, water-soluble sugar (lactose) 
was dispersed in the EC coating at three different 
concentrations (5, 10 and 15% w/w). When immersed in 
an aqueous test solution, lactose was expected to dissolve, 
creating pores in the coating and thus increasing the EC 
coating permeability. A total of six samples were prepared 
with three concentrations of lactose for 1.5% and 2.5% 
coating thickness (EC1.5–5/10/15 and EC2.5–5/10/15). 
While the EC1.5–5/10/15 samples had activity about 
60 s, an improvement over the EC1.5 sample without 
lactose, the EC2.5–5/10/15 samples were considered 
inactive (an observable yellow color developed after the 
required 2 minutes). All three EC1.5–5/10/15 samples 
were inhibited by the physostigmine concentration of  
1.0 µg · ml–1. An increase in the required MIC was 
associated with an increase in activity. Based on these 
results, only EC1.5 and EC1.5–5/10/15 samples were 
selected for stability test.

New batches were prepared and evaluated (i.e. time 0) 
before loading into stability boxes. As before, significantly 
(p  <  0.001) slower development of yellow color was 
observed for samples EC1.5 with activity 80  ±  5  s, 
whereas samples containing lactose (EC1.5–5/10/15)  
were visibly yellow in 60 ± 0 s, 55 ± 5 s and 60 ± 5 s, 
respectively. The development of the activity during the 

pellets was pulverized in a mortar and used for the test. 
Each sample was evaluated three times and the result was 
expressed as a percentage of weight loss.

Pycnometric density (ρp) was assessed on a  helium 
pycnometer Pycnomatic-ATC (Porotec GmbH, 
Germany) according to Ph. Eur. 9. 

Interparticular porosity was then calculated from bulk 
and pycnometric density according to the following formula:

		  			                  [1]

where IP is interparticular porosity (%), ρ0 is bulk 
density (g · cm–3) and ρp is pycnometric density (g · cm–3).

Hausner ratio characterizes flow properties and it 
was calculated from bulk (ρ0) and tapped (ρ1250) density 
according to Ph. Eur. 9 (the sample amount was 50 g). 
The tapping was performed on a SVM 102 tapping device 
(Erweka GmbH, Germany) and samples were tapped 
1250 times. Bulk and tapped density was measured three 
times.

Sphericity was assessed using a  stereoscopic 
microscope NIKON SMZ 1500 (Nikon, Japan) equipped 
with a  70AUC02 USB camera (The Imaging Source, 
Germany) and NIS-Elements AR 4.0 software (Nikon, 
Japan). Using this software a sphericity of 200 randomly 
selected pellets of each sample was calculated according 
to the following formula:

					                    
[2]

where S is the sphericity, A  is the surface area (mm2) 
and p is the perimeter (mm)30).

Scanning electron microscopy (SEM)
The morphology of pellet surface and cross-section of 

coatings were documented by means of scanning electron 
microscopy (MIRA3, Tescan Orsay Holding, Czech 
Republic). The fixed samples (carbon conductive double-
faced adhesive tapes, Agar Scientific, UK) were coated 
with a 20 nm layer of gold using the ion sputtering coating 
method with argon atmosphere (Q150R ES Rotary-Pumped 
Sputter Coater/Carbon Coater, Quorum Technologies, 
UK). A  secondary electron detector and an accelerating 
voltage of 3 kV were used for the measurements.

Data analysis
Influence of lactose presence and its concentration 

in connection with stability conditions (temperature/
humidity and time) on the properties of the carriers were 
evaluated by means of analysis of variance (ANOVA) 
or t-test based on the number of compared groups. 
During statistical testing, specific studied parameter is 
considered significant if the calculated p-value is equal 
to or smaller than α (the level of significance was set to 
the value of α = 0.05). The p-values (especially in cases 
of variable significance) are given in parentheses for the 
discussed carrier characteristics in the section Results 
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(p = 0.294). It also turned out that the storage condition 
of 40 °C/75% RH was critical for all samples as they had 
insufficient activity after 6 months. This was related to 
the color change of carriers, which began to lose their 

stability test is shown in Table 2. During storage, the 
activity of all samples decreased significantly (p < 0.001) 
over time. A statistically significant effect of lactose on 
carrier activity during stability testing was not confirmed 

Fig. 1. Activity test of samples stored at 25 °C/60% RH for 24 months (photos were taken 120 s after the addition of Ellman’s test 
solution) 

Table 2. Activity and ΔE2000 (color intensity) values during 24-months stability test

Sample EC1.5 EC1.5–5 EC1.5–10 EC1.5–15

Time (months) Activity (s)

0 80 ± 5 . 60 ± 0 55 ± 5 60 ± 5

12 (25 °C) 100 ± 5.. 110 ± 5 105 ± 10 90 ± 5

24 (25 °C) 110 ± 10 100 ± 5 115 ± 0.. 110 ± 5..

12 (30 °C) 110 ± 0.. 115 ± 0 115 ± 0.. 115 ± 5..

24 (30 °C) 115 ± 5.. 110 ± 5 110 ± 5.. 115 ± 5..

12 (40 °C) inactive inactive inactive inactive

24 (40 °C) inactive inactive inactive inactive

Time (months) ΔE2000

0 14.73 ± 1.23 14.74 ± 0.89 14.67 ± 0.44 15.34 ± 0.68

12 (25 °C) 11.81 ± 0.98 12.37 ± 0.87 12.42 ± 1.13 13.84 ± 0.23

24 (25 °C) 10.42 ± 0.83 10.71 ± 1.03 ..9.47 ± 0.75 11.11 ± 0.86

12 (30 °C) 11.76 ± 1.96 11.54 ± 0.98 11.33 ± 1.08 11.67 ± 1.13

24 (30 °C) ..9.34 ± 1.18 10.33 ± 1.05 10.22 ± 1.38 10.22 ± 1.56

12 (40 °C) ..7.65 ± 1.08 ..8.45 ± 0.98 ..7.40 ± 1.15 ..7.98 ± 1.33

24 (40 °C) ..7.56 ± 0.78 ..7.29 ± 2.42 ..7.40 ± 1.49 ..7.43 ± 1.04

Inactive pellets did not develop observable yellow color within 120 s after the addition of Ellman’s test solution. ΔE2000 values 
of inactive samples were caused by the original Ellman’s solution color and were similar to values measured for fully inhibited 
samples.
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coating should also be considered32). The stability study 
of double-coated pellets with Eudragit® RL has not been 
published yet19).

The intensity of the developed yellow color was 
evaluated using the parameter ΔE2000 after the conversion 
of the recorded RGB values into the CIELAB coordinate 
system. Advantage of this method over RGB-based 
evaluation is that it takes into account that the human 
eye perceives different colors with different intensities. 
ΔE2000 values range from 0 (same colors) to 100 (opposite 

originally white color and get brown. At 25 °C/60% RH  
(Fig.  1) and 30  °C/65% RH, all samples remained 
active and differed insignificantly (p  =  0.497) over 
a 24-months stability study with minimal (but noticeable) 
browning. Similar results were observed and explained 
in the  recently published article concerning uncoated 
matrix pellets18). It was discussed that the browning is 
probably caused by the recrystallization and degradation 
of sugars, such as lactose or even cellulose18). In the case 
of this study, the heat degradation of the ethylcellulose 

Table 3. Selected physicochemical properties of samples after 24-months stability test
Sample EC1.5 EC1.5–5 EC1.5–10 EC1.5–15

Time (months) Pycnometric density (g · cm–3)

0 1.4952 ± 0.0058 1.4512 ± 0.0041 1.4581 ± 0.0029 1.4551 ± 0.0027

24 (25 °C) 1.4297 ± 0.0034 1.4201 ± 0.0032 1.4235 ± 0.0088 1.4245 ± 0.0023

24 (30 °C) 1.4285 ± 0.0019 1.4232 ± 0.0026 1.4207 ± 0.0024 1.4291 ± 0.0026

24 (40 °C) 1.4384 ± 0.0027 1.4277 ± 0.0017 1.4239 ± 0.0026 1.4260 ± 0.0029

Time (months) Hardness (N)

0 21.97 ± 1.18 .. 24.14 ± 1.82.. 22.69 ± 2.42.. 23.14 ± 1.87..

24 (25 °C) 14.43 ± 1.77.. 15.33 ± 1.57.. 16.35 ± 1.40.. 15.18 ± 1.88..

24 (30 °C) 13.60 ± 1.56.. 14.51 ± 1.32.. 15.50 ± 1.94.. 14.94 ± 1.68..

24 (40 °C) 13.88 ± 2.05.. 12.62 ± 1.12.. 14.11 ± 2.15.. 13.09 ± 2.59..

Time (months) Residual moisture (%)

0 2.14 ± 0.08 2.15 ± 0.24 1.72 ± 0.12 1.83 ± 0.02

24 (25 °C) 4.83 ± 0.05 4.40 ± 0.10 4.22 ± 0.38 4.52 ± 0.04

24 (30 °C) 4.71 ± 0.07 4.78 ± 0.08 4.61 ± 0.16 4.59 ± 0.24

24 (40 °C) 4.62 ± 0.18 4.62 ± 0.38 4.45 ± 0.09 4.85 ± 0.09

Fig. 2. Cross-section SEM photos of double-coating of samples EC1.5 (A) and EC1.5–15 (B) 
EC – ethylcellulose, HPMC – hypromellose, BuChE – butyrylcholinesterase 
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of most inactive samples corresponded (p > 0.05) with 
the values of the fully inhibited samples, which had an 
average ΔE2000 of 7.45 ± 1.29 without significant lactose 
effect (p = 0.757). Although one inactive sample (EC1.5–5  
at 40 °C after 12 months) differed significantly (p = 0.025) 
from the ΔE2000 of inhibited samples, the difference was 
very small and indistinguishable to the human eye33). 

Samples were at time 0 again inhibited with a physo
stigmine concentration of 0.5 µg·ml–1 for EC1.5 and  
1.0 µg·ml–1 for EC1.5–5/10/15. After the first 6 months,  
sensitivity of samples stored at 25 °C and 30 °C signi- 

colors), which means that it is desirable to achieve ΔE2000 
values as high as possible. The results of the color 
intensity evaluation are summarized in Table 2. Compared 
to the results of matrix or double-coated pellets18, 19), 
it is evident that the EC coating distinctly reduced the 
intensity of the developed yellow color. In addition, 
a  statistically significant (p  <  0.001) effect of lactose 
was observed only in samples stored at 25 °C/60% RH. 
As in the previous study18), the intensity of all samples 
decreased significantly with storage time and increasing 
temperature/humidity (both p < 0.001). The ΔE2000 values 

Fig. 3. SEM photos of samples EC1.5 and EC1.5–15 stored at 25 °C/60% RH (A and B) and at 40 °C/75% RH (C and D) for 24 
months. A detail of the surface is in the right upper corner of each SEM photo. 
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rougher for the EC1.5–5/10/15 samples due to the presence 
of lactose crystals (as can be seen in Fig. 2). 

Conclusion

In the present study, the effect of ethylcellulose coating 
with or without dispersed lactose on the properties of 
pellets with immobilized butyrylcholinesterase was 
investigated. It was found that ethylcellulose coating 
substantially reduced the reaction rate and the intensity 
of the developed color compared to a  similar coating 
of Eudragit® RL or uncoated matrix pellets. However, 
samples EC1.5 and EC1.5–5/10/15 remained active 
during 24-months stability test at 25 °C/60% RH and  
30 °C/65% RH. The harshest condition of 40 °C/75% RH 
occurred to be critical when after 6 months of storage 
the samples started to brown and were insufficiently 
active, which was a  similar problem as in the case of 
matrix pellets. This was probably due to ageing of the 
coating or thermal degradation of the cellulose. As for the 
other properties, all samples showed sufficient sensitivity 
to physostigmine, excellent flow properties and good 
physical resistance.
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