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and 13 mM/L/∆pH) and ionic composition of the physiological 
bicarbonate buffers closely resemble those of the intestinal 
fluids in the duodenum, jejunum, and colon in humans (3.2, 
6.4, and 13 mM/L/∆pH), respectively.[45,46,48-50]

The amount of prednisolone released from tablets coated 
with Eudragit® L10055, L100, and S100 was determined 
using an in-line UV spectrophotometer (Cecil 2020, Cecil 
Instruments Ltd., Cambridge, UK), with 5  min sampling 
intervals and a wavelength of 247 nm. Data were processed 
using Icalis software (Icalis Data Systems Ltd., Berkshire, UK). 
All samples had acceptable acid resistance as coated tablet 
products with <10% drug released in acid stage. The results 
are presented as mean ± standard deviation. The lag time is 
defined as the 1st time point which the percent drug release is 
greater than 10% (T10%), 50% (T50%), and 80% (T80%).

Film characterization

Tensile testing
The tensile strength and elastic (Young’s) modulus were 
measured using an Instron Universal Testing Instrument 
Model 5567 (Instron Ltd, Norwood, USA), based on the 
ASTM D882-75d method. The film strips were cut to 8 mm × 
24 mm and clamped between pneumatic grips. Five samples 
were tested at the strain rate of 10 mm/min and 100 N static 
load (2  kg). Data were analyzed using Bluehill software 2 
(version 2.6).

Fourier transform infrared (FT-IR)
The molecular state of the film coating was obtained on a 
PerkinElmer spectrum model 100 FT-IR Spectrometer. The 
spectrum of an empty cell was used as the background. The 
scan was performed in the range of 4000 to 650 cm-1 for each 

sample at ambient conditions. Spectrum Express software 
(version 2008) was used to process the data.

RESULTS AND DISCUSSION

The SEM images compare the surface morphology and cross-
section changes between the irradiated and conventional tablet 
coats [Figure 3]. It is apparent that higher irradiation caused a 
more uneven and porous surface in the irradiated tablet coat, 
while the control tablet had a smooth surface without pore 
formation. The laser/material interaction brings about surface 
melting, while the surface topography change is a direct result 
of melting and re-solidification.[51] Cross-sections showed 
sections of loose coating on the irradiated tablet coating layer 
while a rigid and compact coating was seen on the control. 
This is because laser irradiation induced the cleavage of the 
polymer back bone and side chain scission followed by the 
formation of bubbles or pores at the surface and in the volume 
of the film.[18,52]

The laser level applied has been reported to have an 
effect on surface wettability. Wang et al.[53] found, with high 
irradiation, the surface became hydrophilic, which may 
facilitate drug release from the irradiated polymeric coating. 
At this laser setting, the color of the irradiated coat tablets 
stayed the same as a non-charring process.[54] Nevertheless, 
over-irradiation could turn the treated coating to a brown 
color as the polymers tend to overheat or to interact with the 
substrate of the film or the film additives.

As shown in Figure  4, irradiation of the coated tablets 
altered the dissolution profiles. Interestingly, the lag time at 
T10% remained the same between irradiated and non-irradiated 

Figure 3: Scanning electron microscopy images of the surface morphology (left) and cross-section (right) of Eudragit®-coated tablets (×2000 
resolution)
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tablets following acid exposure. Meanwhile, the T50% and T80% 
values of the irradiated L10055, L100, and S100 coated tablet 
were much shorter [Figure  4, transparent bullet] than the 
control [Figure 4, solid bullet], suggesting that the release rate 
of the drug was faster at both 50% and 80% drug release. 
The same trend was found among the three types of Eudragit® 
coatings, which clearly demonstrate that the irradiation can 
shorten the lag time of drug release from coated tablets. 
The results from the SEM images [Figure 3] and dissolution 
profiles [Figure 4] confirm that irradiation to coating loosens 
the polymeric coat along with producing pore formation on 
the surface coating, which facilitates the drug to be released 
from the tablet core to GI simulated media.

In other words, irradiation treatment changes the degree 
of the film coalescence. The difference of the lag time at 
different percent drug release (10%, 50%, and 80%) between 
irradiated and control tablet had variable degrees [Table 2]. 
Klank et al.’s work[13] supports these dissolution outcomes in 
that the features of the laser-treated structures were subject 
to the polymer properties, particularly the thermal diffusivity 
and the decomposition mechanism. In terms of the chemical 
structure, Eudragit® L100-55 and L100 have similar main chain 
of methacrylic acid-co-acrylate [Figure 1] which had a strong 
effect of high laser irradiation with higher time difference (∆) 
than Eudragit® S100 [Table 2]. This can explain why different 
types of Eudragit® give rise to different sensitivities to the CO2 
laser irradiation. Specific GI conditions like pH are present 
in pediatrics and geriatrics and/or certain GI disorders (e.g., 

gastroesophageal reflux disease). Therefore, modifying film 
coat and understanding drug release behaviors are likely to 
tailor the drug delivery for individual patients to the right site 
of action and at the right time.

Notably, air bubbles were observed on the irradiated coats 
in the dissolution vessels. They have been reported to act as 
a transport barrier for the drug to leach out from the tablet 
cores.[55] Herein, the air bubbles did not have a significant 
influence on decreasing overall drug release rate. In terms of 
variability of drug release in each group, both irradiated and 
control tablets had high variation because the more subjective 
parameters in the dynamic dissolution setting were set up. 
Conventional dissolution testing commonly focuses on the 
pH only, unlike the auto pH system which has a number of 
underlying parameters representing the human GI tracts 
including various types of salt, pH step change, and buffer 
capacity.

CO2 laser irradiation was postulated to change the 
interactions between polymer chains and the number of 
entanglements and thus changes the flexibility and the 
mechanical strength of the irradiated coats leading to a 
loosened film structure and enhanced permeability. As 
expected, Table 3 shows that high irradiation clearly resulted 
in a decrease in Young’s modulus and tensile strength in all 
the three types of Eudragit®. The sharp drop of the Young’s 
modulus values means that irradiated coatings had much 
less stiffness and elasticity. Meanwhile the drop of the tensile 
strength values suggests less capacity of the film to withstand 
exposed tension meaning that irradiated films are more easy 
to break during exposure to some force from the dissolution 
medium. The decrease in both Young’s modulus and tensile 
strength caused a reduction of the lag time of irradiated 
tablets which could be ascribed to the drug diffusing through 
the porous and loose coating to the dissolution medium. 
Moreover, the degree of difference of mechanical values 
between the control and irradiated samples may imply various 
film behaviors correlating with different lag times among the 
three types of Eudragit®. Nevertheless, the biggest change 
in Young’s modulus values found in S100 did not show the 
shortest lag time. Modification of chemical properties might 
then be used to interpret the degree difference.

FTIR spectra [Figure  5] with peaks at 1725 and 1695 
cm-1 were characteristic of the C=O stretching of the ethyl or 
methyl acrylate and methacrylic acid, respectively.[56] Marked 
differences in the absorption of irradiated films were the two 
additional peaks at about 1805 and 1760 cm-1 corresponding to 
the stretching of the C=O bonds which are on the side chain 
of the molecules.[57-59] In addition, the increase in IR absorption 
at 1015 cm-1 assigned to the CH3 bond was noticed among all 

Table 2: The lag time (T, min) and time difference (∆) comparing between control and irradiated coating tablets at three points of 10%, 
50%, and 80% drug release

T at certain % 
drug release

Control 
L10055

Irradiated 
L10055

∆* Control 
L100

Irradiated 
L100

∆* Control 
S100

Irradiated 
S100

∆*

T10% 50 45 5 80 80 0 135 130 5

T50% 85 50 35 115 90 25 175 155 20

T80% 125 55 70 170 100 70 215 170 45

*Time difference from the control

Figure 4: Drug release profiles of prednisolone comparing between 
the control coated tablets (black line with solid bullet) and irradiated 
tablets (red line with transparent bullet) among three different 
Eudragit® coatings: L10055 (square), L100 (circle), and S100 
(triangle) in the auto pH apparatus
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Table 3: Mechanical properties of irradiated L100‑55, L100, and S100 films compared to the free films (control)

Sample Film condition Young’s modulus (MPa) ∆ Tensile strength (MPa) ∆

L10055 Control 1489.67±168.99 673.20 20.48±2.87 17.39

Irradiated 816.47±189.63 3.09±0.02

L100 Control 1832.22±199.05 1134.51 14.28±3.70 10.87

Irradiated 697.71±171.26 3.41±0.76

S100 Control 2107.13±120.47 1608.90 19.50±4.96 17.85

Irradiated 498.23±123.52 1.65±0.86

Figure 5: FTIR spectra of irradiated L10055, L100, and S100 films 
compared to the free films (control)

Eudragit® polymers.[60] Soeriyadi et al.[61] showed that thermal 
and photo degradation susceptibility in high-molecular-weight 
acrylic polymers monitored on a molecular level of surface 
changes was directly associated with the length of the ester 
side chain group. Consequently, the ethyl side chains in L10055 
presumably had a pronounced influence on the shortest lag time 
of the dissolution profile. Conversely, both L100 and S100 have 
methyl ester side groups and hence have longer lag time. In 
addition, Chiantore et al.[62] found that acrylate units are more 
reactive than methacrylate meaning that the acrylate of L10055 
is likely to be more sensitive to irradiation, leading to faster drug 
release compared with the methacrylate of L100 and S100.

The change in IR absorption of irradiated films indicates 
chemical changes of L10055, L100, and S100 after high 
irradiation corresponding to the previous work. In general, 
at elevated temperature and intense photo exposure, acrylic 
polymers go through depolymerization to monomer and 
ester decomposition forming methacrylic acid units, volatile 
molecules, and olefin.[61-63] In addition, chemical modification 
of the polymethyl methacrylate surface has been found under 
two competing reactions, namely, the scission and cross-
linking,[58-59] although scission is predominant on strong 
irradiation.[64]

It is possible that apart from the change in the morphology 
of the film coats, the species produced by the strong laser 
process would react with the dissolution medium, leading 
to the acceleration of the drug release profiles. Besides, the 
chemical modification by high irradiation is likely to cause 
disruption of the polymer-polymer interactions which can 
increase the propensity for the dissolution medium to imbibe 
into the films, thus resulting in an increased dissolution rate. 
Davis et al.[65] demonstrated that differences in the chemical 
structure, such as the polymer backbones and the degree of 
substitution, led to distinct dissolution profiles.

Proposed Mechanisms for Modified 
Release Tablets Prepared by CO2 Laser 
Irradiation

CO2 laser irradiation induces heating and reactions of the 
polymer substrate which are considered to be ablation pathways 
(vaporization or removal of polymers). The chromophores along 
the polymeric chains of the coat absorb sufficient energy from 
the laser irradiation. The absorbed energy is associated with 
infrared photons, electronic excitation and induces molecule 
stretching and bending, and hence is converted into internal 
friction and heat. Therefore, the surface temperature increases 
due to the high-power density of the focused incident laser 
beam radiation, thereby achieving a high degree of ionization 
and/or promoting high surface mobility and resulting in 
the melting and decomposition of the polymer.[4,13,51,66,67] 
Loose polymer coats are then formed around the tablet. This 
irradiated layer of the polymeric coat is likely to facilitate the 
higher permeability and buffer influx toward the tablet core 
leading to the diffusion of the drug through the pores in the 
coatings, thus assisting in its dissolution.[44,68,69]

In principle, two simultaneous stages are involved in the 
polymer dissolution process; the polymer, which contains a free 
volume in the form of holes of molecular dimensions, absorbs 
solvent (solvent diffusion) to form a gel-like swollen layer with 
extensive cracking, and the swollen/cracked polymer chains 
disentangle into the solution (chain disentanglement) with 
reduction of the polymer layer thickness.[70,71] These findings 
agree well with the report from Gurny et al.[72] explaining that 
the two main mechanisms of drug release from porous and 
hydrophobic polymers are dissolution controlled and diffusion 
controlled. Thus, as mentioned earlier, it can be summarized 
that three factors determining the dissolution rate of the 
loaded drug are as follows: (1) The polymer dissolution 
medium interactions, (2) the structure and the porosity of 
the solid membrane, and (3) the physical status of the drug 
distributed in the dosage form.
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