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ABSTRACT
Alcoholism is a highly prevalent disease, with successful rehabilitation 
being poor due to irrepressible cravings that result in relapse. This study 
developed and analysed an intramuscular injection capable of providing 
a sustained release of disulfiram over one month. Statistically optimized 
disulfiram-loaded nanomicelles were prepared and incorporated into 
a thermosensitive gel resulting in a nano-enclatherated-gel-composite 
(NEGC). The nanomicelle system demonstrated a drug loading capacity 
and entrapment efficiency of 33.66% and 50.98%, respectively, with a 
sustained release of 65% of the administered disulfiram achieved after 
28 days through the thermosensitive hydrogel. Additionally, ex vivo 
release studies have been undertaken using rat muscle tissue with in vivo 
biodistribution, plasma levels, histopathology and myotoxicity following 
oral disulfiram administration and intramuscular NEGC administration 
also assessed in Sprague-Dawley rats. Results obtained in this study have 
indicated that the designed delivery system has the potential to successfully 
release disulfiram in a sustained manner for the treatment of alcohol abuse.
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1. Introduction

Alcohol addiction, through a dependency on  
alcohol-containing products, is a chronic 
condition that has both negative physiological 
and psychological effects. Alcohol consumption 
is widespread, with the total alcohol per capita, 
according to the World Health Organisation 
(WHO), being 6.4L, with approximately 43.0% 
of the total population (15+ years) being current 
consumers of alcohol as of 2016 [1]. Repeated 
consumption of these substances affects the brain’s 
reward pathways, and other related functions,  

with biological, psychological, social, and 
economic consequences. As a result, self-reliant 
treatment regimens are often ineffective with 
many patients experiencing impaired cognitive 
function and behavioral control, even in cases 
where a clear commitment to abstinence is 
present, leading to relapse and treatment failure.

Disulfiram has been shown to be an effective 
treatment for alcohol abuse. However, its 
inherent gastrointestinal and blood instability 



117

Nanofabrication (2022) 7 Mia et al. (2022), 116-127

limits its oral delivery in clinical applications. 
Injectable formulations incorporating disulfiram, 
while showing positive results, are often difficult 
to prepare and manufacture due to the drug’s 
highly hydrophobic nature [2]. To augment 
the treatment process using disulfiram, a dual 
system has been developed comprising of 
statistically optimized nanomicelles containing 
disulfiram dispersed within a thermosensitive 
gel for intramuscular administration (Fig. 1). 
The statistically optimized disulfiram-loaded  
nanomicelles have been prepared with  
D-α-tocopheryl polyethylene glycol 1000 succinate  
(TPGS), which were thereafter incorporated into  
a thermosensitive gel comprising of High Acyl  
Gellan Gum (HAGG) and Pluronic F127 (PF127),  
forming a nano-enclatherated-gel-composite 
(NEGC). The immediate and subsequent 
sustained release of disulfiram for 28 days 
intramuscularly was controlled by utilising 
both free disulfiram drug and the drug-loaded 
nanomicelles dispersing within the PF127-HAGG 
gel. The thermosensitive gel was chosen as the 
delivery platform due to its easy administration 
and its serving as a vehicle that allows for a solid 
gel-depot once administered. The developed 
system incorporating disulfiram is proposed as 
a suitable platform for the treatment of alcohol 

abuse. However, there is potential for the system 
to be used in other areas of substance abuse 
treatment or any other therapeutic interventions 
(through modification of the API and formulation 
constituents), where patient compliance is 
essential but not routinely or constantly displayed. 
Extensive in vitro characterization has been 
undertaken on the NEGC system in this study and 
ex vivo and in vivo drug release analysis using 
Sprague-Dawley rats.

2. Material and methods 

2.1. Materials

Tetraethylthiuram disulfide (disulfiram) and 
Pluronic F127 were procured from Sigma Aldrich 
(Steinheim, Germany), Kolliphor® TPGS from 
BASF (Ludwigshafen, Germany) and High Acyl 
Gellan Gum (Kelcogel LT100) from CP Kelco 
Germany GmbH (Grossenbrode, Germany). All 
other chemicals and solvents were of analytic 
grade and were used as received.

2.2. Disulfiram-loaded TPGS nanomicelles

2.2.1. Preparation of the disulfiram-loaded  
self-assembled TPGS nanomicelles 

Disulfiram-loaded TPGS nanomicelles were 
prepared by solubilizing disulfiram (100mg) 
and TPGS (500mg) in chloroform (10mL) 
on a magnetic stirrer. The polymeric solution 
was thereafter left overnight in a fume-hood. 
Deionized water (5mL) was after that added to 
the residual polymer-drug matrix and stirred 
for 1 hour resulting in the formation of the 
nanomicelles. The micellar solution was then 
transferred to glass petri-dishes and lyophilized. 
Statistical optimization as well as additional  
in vitro characterization studies on the drug-loaded 
nanomicelles can be found in the Supplementary 
Data.

2.2.2. Fourier Transform Infrared Spectroscopy

Elucidation of the structural properties of the 
native disulfiram and TPGS and the drug-free 
and disulfiram-loaded nanomicelles was carried 
out using a Perkin Elmer Spectrum 2000 FTIR 
spectrometer set 4cm−1 resolution and over a 650 
to 4000cm−1 wavelength. 

Figure 1.  A schematic representation of the  
administration of the NEGC system and subse-
quent disulfiram release.
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2.2.3. Determination of the particulate size, zeta 
potential and distribution

The average particulate size, zeta potential and 
distribution of the nanomicelles (n=3) were 
measured using a Zetasizer NanoZS system. All 
samples were diluted and filtered using a 0.22μm 
filter before the analysis. 

2.2.4. Morphological characterization 

The surface morphology of the formulated drug-
free and disulfiram-loaded nanomicelles were 
examined using a carbon-coated copper grid, 
negatively stained with 1% uranyl acetate in a 
Transmission Electron Microscope [3].

2.2.5. In vitro dissolution studies 

In vitro drug release analysis of the disulfiram-
loaded nanomicelles (n=3) was undertaken using 
the dialysis method described by Kulhari and 
co-workers [4]. Briefly, the nanomicelles were 
placed in 5mL Simulated Body Fluid (SBF;  
pH 7.4) within dialysis tubing (MWCO 1000Da). 
Afterwards, the tube was placed in 50mL SBF 
at 37°C for 28 days in a shaker bath. At the 
required periods, samples (1mL) were removed, 
and diluted with an acetone-buffer solution with 
the disulfiram content determined using UV 
spectroscopy (ε = 110.0857 at 262nm). 

2.3. Formulation of the NEGC gels

The NEGC gels were formulated by dispersing 
a combination of 15% PF127 and 0.3% HAGG 
(PF127-HAGG gel) in deionized water and 
stirring on a magnetic stirrer at room temperature 
approximately 3 hours. Once the formulations 
were fully dissolved, they were transferred to 
a refrigerator at 10°C for 12 hours [5]. After 
that, free disulfiram (10mg) and 10mg of 
disulfiram-loaded nanomicelles were stirred 
into the PF127-HAGG gel to prepare a uniform 
dispersion, thereby forming the NEGC gel. FTIR 
spectroscopy, DSC and XRD of the NEGC gel 
were assessed as described and can be found in 
the Supplementary Data. In vitro drug release 
analysis on the NEGC gel was further undertaken 
as described. Additionally, to ascertain the effect 
of including both the free disulfiram drug and 
the disulfiram-loaded nanomicelles, PF127-
HAGG gels incorporating free disulfiram and 

nanomicelles only were investigated for their 
drug release potential. 

2.3.1. Rheological analysis 

The amplitude sweep, temperature sweep, 
frequency sweep, time sweep, and flow analyses of 
the NEGC gel (0.5mL; n=3) was performed using a 
Haake Modular Advanced Rheometer System.

2.4. Ex Vivo Studies

2.4.1. Ex vivo drug release study 

Ex vivo disulfiram release from the NEGC system 
was determined by injecting the NEGC (0.3mL), 
using a 21G needle, into the excised biceps femoris 
muscle tissue of a Sprague Dawley rat. The muscle 
was after that placed at 37ºC for 24 hours in the 
sample holder of an organ bath, described by Brazeau 
and Fung [6]. At pre-determined time intervals, 
samples (1mL) were withdrawn and analyzed using 
the UV spectroscopy method previously described.

2.5. In vivo studies

2.5.1. In vivo experimental design 

Ethical clearance for this study was obtained from 
the Animal Ethics Screening Committee (AESC) 
of the University of the Witwatersrand, South 
Africa (AESC No. 2014/43/C). All experiments 
were performed following the relevant regulations. 

The in vivo evaluation of the disulfiram-loaded 
NEGC gel was undertaken on 25 Sprague-Dawley 
rats (250-300g). Before administration, each 
rat was anesthetized with ketamine (100mg/kg)  
and xylazine (5mg/kg). Once anesthetized, the 
disulfiram-NEGC (0.3mL) was injected once-off 
intramuscularly into the biceps femoris muscle 
of each rat. Blood samples were extracted from 
the dosed rats on Days 1, 3, 7, 14, 21 and 28 and 
analyzed through UPLC. The method used for the 
UPLC analysis can be found in the Supplementary 
Data. Biodistribution imaging was further 
undertaken using the Vevo 2100® Micro Imaging 
Platform to observe the in situ sol-gel transitions 
of the NEGC gel and to confirm its presence after 
Day 28. 

Two control groups were further employed 
in addition to the disulfiram-NEGC gel test 
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group: a comparison group (n=25) that received 
oral disulfiram daily for 28 days and a placebo 
group (n=25) that received a once-off drug-
free NEGC intramuscular injection containing 
drug-free nanomicelles. Blood samples were 
also extracted from each rat in the comparison 
and placebo groups on Days 1, 3, 7, 14, 21 and 
28, with biodistribution imaging also conducted 
as described. The biceps femoris muscle of 
each rat was excised after termination for 
histomorphological analysis. 

2.5.1.1. Preparation and administration of the oral 
disulfiram formulation 

Voluntary ingestion was determined as the most 
practical method of administering oral disulfiram 
to the rats [7] and was facilitated through the 
blending of disulfiram into peanut butter dough 
balls (PBDB) and feeding each rat one PBDB 
daily for 28 days.

2.5.2. Myotoxicity analysis 

Plasma samples from each group were used to 
quantitatively determine creatine kinase (CK) 
due to CK being a biochemical marker of muscle 
injury or damage [8]. Samples of the injected 
excised biceps femoris muscle tissue were 
analysed for creatine kinase (CK) presence using 
a Sigma Aldrich spectrophotometric kit at 340nm 
as per the manufacturer’s standard operating  
procedure.

2.5.3. Histomorphological analysis of muscle 
tissue post-IM injection 

Histomorphological analysis was undertaken on 
the muscle tissue harvested after termination to 
determine if any histomorphological abnormalities 
were present due to the intramuscular 
administration of the NEGC system. Before the 
analysis, each muscle tissue was fixed in 10% 
normal buffered formalin.

3. Results and Discussion

3.1. Fourier Transform Infrared spectroscopy
 
Evaluation of the native disulfiram FTIR spectrum 
noted two peaks at 2975cm-1 signifying C-H 
(CH3) stretching (peak 1) and at 1493cm-1 (peak 2)  
due to C-H symmetrical deformation vibrations 
(Fig. 2). Peaks identified between 1345-1455cm-1  
(peak 4 - peak 3) resulted from CH2-CH3 vibrations 
with C=S stretching, resulting in peak five 
displayed at 1272cm-1. Peak 6 indicated at 1193cm-1  
could be attributed to C-H skeletal vibrations 
can be observed with peak seven at 1150cm-1  
due to C-C skeletal vibrations. Additionally, the  
bands identified between 965-1060cm-1  
(peak 9 - peak 8) were assigned to C-N 
stretching, while the bands between 816-912cm-1  
(peak 11 - peak 10) could be attributed to C-S 
stretching. A comparative evaluation between 
the native disulfiram and the disulfiram-loaded 
nanomicelles noted that the characteristic  

Figure 2.  FTIR spectra of (a) disulfiram, (b) the disulfiram-loaded nanomicelles, (c) the drug-free nanomi-
celles and (d) TPGS.
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peaks 1 and 2 were still present, indicating the 
stability of the disulfiram in the formulation. 

In addition, peak 12 (2884cm-1) displayed C-H 
stretching of the CH3 present in the TPGS 
molecule, while the carbonyl band identified 
at 1736cm-1 (peak 13) further indicated C=O 
stretching and vibration. The peaks displayed 
around 1250cm-1 (peak 14) can be assigned 
to C-O stretching. A comparative evaluation 
of the native TPGS spectrum to the drug-free 
nanomicelle demonstrated highly similar ranges 
with minimal variations detailing the stability of 
the TPGS molecule. 

3.2. Analysis of the nanomicelle size and zeta 
potential 

The drug-free and the drug-loaded nanomicelles 
were evaluated for their particle size, zeta 
potential and PDI (Table 1, n=3). The zeta size and  
potential were determined to be 21.61nm  
and -52.0mV and 23.16nm and 26.4mV for the 
disulfiram-loaded and drug-free nanomicelles 
respectively. The smaller size achieved for  
the drug-free nanomicelles can be attributed to the 
interaction between the polymer’s hydrophobic 
chains, resulting in a more compact structure [9].  
The sizes achieved were within the range to 
penetrate small capillaries (10nm-70nm), thereby 
increasing drug circulation, while the zeta 

potential values reached detailed the formation 
of a highly stable micellar arrangement [10]. The 
small size further conceals the nanoparticles from 
detection by the immune system, protecting them 
from destruction. Additionally, while disulfiram 
is known to cross the blood-brain barrier (BBB), 
the achieved particle size of around 20nm is 
well within the 100-150nm range required for 
the nanoparticulate systems to cross the BBB, 
through the various cellular transport mechanisms 
of the BBB, for the delivery of other APIs with 
low BBB permeability [11-13]. The PDI values 
for both nanomicelles are additionally within the 
acceptable range.

3.3. Morphological characterization 

The shape of the prepared nanomicelles was 
observed to be spherical and homogenous, as is 
depicted in the size uniformity present in Fig. 3. 
The sizes of the particles observed are very similar 
to those obtained through the DLS analysis. It 
was further observed that the incorporation of 
disulfiram into the nanomicelles (Fig. 3a) did 
not alter the particle morphology. Further noted 
was that the drug-loaded nanomicelles were well 
dispersed in the images, which can be attributed 
to their large zeta potential hindering particulate 
agglomeration. Conversely, slight agglomeration 
was determined for the prepared drug-free 
nanomicelles (Fig. 3b). 

Figure 3.  Electron micrographs of (a) the disulfiram-loaded nanomicelles and (b) the drug free nanomi-
celles at 50 000x magnification.

Formulation Size (nm) PDI Zeta Potential (mV) 
Drug free nanomicelles 23.16 (SD ≤ 10.95) 0.37 (SD ≤ 0.12) -26.4 (SD ≤ 4.20)
Disulfiram-loaded 
nanomicelles 

21.61 (SD ≤ 6.86) 0.31 (SD ≤ 0.10) -52.0 (SD ≤ 3.90)

Table 1.  Particle size, PDI and zeta potential for disulfiram-loaded and drug-free nanomicelles.
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3.4. In vitro drug release analysis

The in vitro disulfiram release profile of the drug- 
loaded nanomicelles before inclusion in the 
PF127-HAGG gel displayed a release of 65% 
disulfiram from the system in 28 days (Fig. 4-  
Curve A). The initial burst release seen in the 
profile (12%), within the first 2-4 hours, is due to 
the relatively high concentration of drug under the 
surface of the nanomicelles released immediately 
upon exposure to the dissolution media or to 
a small quantity of unencapsulated drug that 
adhered to the nanomicelle outer shell [14,15]. 
However, the large proportion of drug was firmly 
incorporated within the nanomicellular inner core, 
resulting in a slower release profile. 

Disulfiram release from the PF127-HAGG gel 
containing drug-loaded nanomicelles only (curve 
B) verified that the prepared system does slow the 
release of disulfiram which can be attributed to 
the strong complex formed between the two gel-
forming polymers. The release rate was noted to 
decrease by approximately 25% when the drug-
loaded nanomicelles were incorporated in the 
PF127-HAGG gel. Incorporating free disulfiram 
into the nanomicelle-PF127-HAGG gel system 
results in an interesting effect, whereby the free 
disulfiram stabilizes drug release from the drug-
loaded nanomicelles. This can be seen in the 

release profile of curve D and can be attributed to 
the equilibrium formed between the free disulfiram 
and the disulfiram within the nanomicellular 
structure. Evaluation of the gel system containing 
free disulfiram + the PF127 and HAGG (Curve C) 
further reflected the effect of dual incorporation of 
disulfiram, where the release of disulfiram after 28 
days (18%) was more than that of the free disulfiram 
+ nanomicelle system (11%). A similar initial 
release profile of disulfiram was noted for Curves 
C and D in the first seven days, further highlighting 
the stabilizing effect of the free disulfiram on the 
release of the drug from the nanomicelles. Projected 
calculations revealed that 100% disulfiram release 
would occur approximately 46 days, 79 days, 176 
days, and 303 days for profiles A, B, C, and D. The 
NEGC system composed of the disulfiram-loaded 
nanomicelles, and free disulfiram was, therefore, 
determined to produce the most extended release 
of disulfiram when compared to other formulation 
variants. When compared to previous research 
undertaken, the prepared nanomicelles released 
disulfiram slower than the disulfiram-loaded redox-
sensitive shell crosslinked micelles developed by 
Duan et al. [16], where despite the larger size of 
the particles (≈80nm), drug loading was only 7.5%, 
with an in vitro release of 84.5% achieved within 
24 hours. A similar trend was seen in the study by 
Miao et al. [17], who developed mixed micelles 
of 86.4 ±13.2nm with a drug loading capacity of 

Figure 4.  Disulfiram release profiles of (A) the disulfiram-loaded nanomicelles, (B) the disulfiram-loaded 
nanomicelles within the PF127 and HAGG gel, (C) free disulfiram within the PF127 and HAGG gel and 
(D) the disulfiram-loaded nanomicelles and free disulfiram within the PF127 and HAGG gel (SD ≤ 0.7 in all 
cases, n=3).
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Figure 5.  A Temperature Sweep profile of the NEGC gel over a temperature range of 10ºC and 40ºC high-
lights a decreased viscosity at room temperature and an increased viscosity at physiological temperature.

Formulation Gelation 
Temperature (°C) 

Gelation Time 
(seconds) 

Flow Curve 
Model (10°C) 

Flow Curve 
Model (37.5°C) 

Flow Behaviour 
Index 

PF127-HAGG gel 25.5 17.00 Cross Herschel-Bulkley 0.6383 

PF127-HAGG + free 
disulfiram + disulfiram-
loaded nanomicelles 

21.5 28.90 N/A Herschel-Bulkley 0.5366 

Table 2.  Summary of gelation temperature, gelation time and flow curve behavior of the PF127 and HAGG 
gel and the NEGC formulation.

5.90% and an ≈80% disulfiram in vitro release in 
72 hours. It, however, should be noted that in both 
studies, the application for the delivery system was 
for antitumor activity using different polymers than 
that of the NEGC system. 

3.5. Rheological analysis of the gel composites 
Rheological evaluation of the PF127 and HAGG gel 
incorporating the disulfiram-loaded nanomicelles 
and free disulfiram detailed a decrease in the 
Kairotic Point (KP) of the formulation (Fig. 5).  
The KP for the formulation (21.5°C) was acceptable 
as it allows for rapid transition of the mixture upon 
intramuscular administration. Furthermore, at lower 
temperatures, the viscosity of the solution decreased, 
which would allow for easier injectability.

Evaluation of the gelation time for the PF127 and 
HAGG gel and the NEGC formulation was noted 
at a desirable <30 seconds for both formulations 
(Table 2). The 28.9 second transition time for the 
NEGC formulation was considered excellent and 

was much quicker than the 2 minutes reported 
for a 15% PF127 gel [18]. The gelation time is 
also advantageous due to long transition periods 
resulting in the burst release of drugs [19]. 

The flow behavior index for the PF127 and HAGG 
gel and the NEGC formulation was <1, signifying 
shear-thinning behavior in both formulations, 
which has been noted to promote the injectability 
of gels [20]. 

3.6. Ex vivo drug release 

The ex vivo disulfiram release profile of the 
NEGC system (Fig. 6) showed an initial burst 
release of disulfiram within one hour (24%), after 
which the rate of drug release decreased to 44% in  
24 hours. The difference in drug release compared 
to the in vitro release profile can be attributed to 
the size of the muscle sample used, resulting in 
saturation with the NEGC system, leading to a 
faster drug release rate.
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Figure 7.  Biodistribution imaging of the drug-
free and drug-loaded NEGC respectively in  
(A) and (B) 1 hour after administration, (C) and (D)  
24 hours after administration, (E) and (F) 7 days 
after administration, (G) and (H) 14 days after ad-
ministration, (I) and (J) 21 days after administra-
tion and (K) and (L) 28 days after administration.

Figure 6.  The ex vivo drug release profile of the NEGC formulation administered to the excised biceps 
femoris muscle tissue of a Sprague Dawley rat (SD≤1.24, n=3).

3.7. High-frequency ultrasound imaging 

As can be seen in Figures 7A-L, the administered 
NEGC was visible throughout the 28-day study in 
both the drug-loaded test group and the drug-free 
placebo group. It was therefore determined that the 
NEGC system was retained at the administration 
site over the test period. A direct echogenicity 
comparison of the NEGC and standard rat muscle 
fibers can be found in Fig. 8. 

3.8. In vivo drug release profiles

Analysis of the in vivo release profiles (Fig. 9)  
detailed that the NEGC (test group) displayed a 
typical sustained-release curve with peak drug 
levels achieved after 21 days (27.33μg/mL). 
Minimum plasma concentration of disulfiram 
from the test group was further noted to be 
1.94ng/mL, with the maximum concentration 
being 27.33μg/mL. The concentrations 
achieved were reported as above the minimum 
therapeutic range of 0.05μg/mL-0.4μg/mL [21]. 
The comparison group displayed increased 
plasma concentration, attributed to the half-
life disulfiram (60-120 hours), far less than the 
release rate from the dosed disulfiram-loaded 
peanut butter balls. The plasma disulfiram 
concentrations from the test group were similarly 
lower than the comparison group, attributed 
to the difference in dosages used. No further 
fluctuations in disulfiram release were observed. 
Analysis of the placebo group revealed that no 
disulfiram was detected over the test period. 
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Previous research has shown that many clinical 
trials involving disulfiram depots have displayed 
a lack of efficacy due to insignificant absorption 
of disulfiram from the administered implant or 
an inadequate amount of disulfiram reaching 
systemic circulation to have an effect [22].  
Through this in vivo drug release study, it was 
evident that the quantity of drug and rate of 
release detected after administration of the 
NEGC system is a significant achievement and 
further proves the success of the formulation.

3.9. In vivo myotoxicity

Myotoxicity of the NEGC system was determined 
by detecting the CK levels in rat’s administered 
with the system. Evaluation of the placebo 
group showed normal CK levels (678μ/L) after 
2 hours, increasing after 2-6 hours and after that 
decreasing back to normal range (Fig. 10). The 
results obtained are following those reported by 

Figure 8.  Ultrasound images display (a) healthy muscle fibers and (b) the in situ gel system.

Figure 9.  In vivo disulfiram release profiles of the test, comparison and placebo groups (SD≤ 1.86 in all 
cases, n=5).

Brazeau and Fung [6] and Rungseevijitprapa and 
co-workers [23]. Brazeau and Fung witnessed low 
CK release up to 2 hours and a marked increase 
within 2-4 hours, while Rungseevijitprapa et al. 
noted that peak levels occurred around 2 hours and 
returned to average 6 hours post-injection. After 

Figure 10.  In vivo CK levels measured for the 
test group and placebo group.
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6 hours there was no further increase in CK up 
to 24 hours in this study. Therefore, the increase 
in enzyme activity is due to the test preparation 
without significant muscle damage [24]. The 
results indicate that no permanent damage had 
occurred after the administration of the NEGC 
system. 

3.10. Histopathological evaluation of muscle 
tissue 

A comparative analysis of the test and placebo 
groups determined no significant histopathological 
differences between the groups, demonstrating 
that the administered disulfiram was not 
exclusively responsible for any variations seen 
(Fig. 11). Additionally, no significant toxicity was 
seen in the first hour for the NEGC test group. 
Histopathological changes were further seen in 
the test group between 2 hours to 7 days, while the 
placebo group showed alterations between Days 
1 and 7. In both groups, toxicity levels dropped 
after Day 7. 

In the placebo group, minimal edema and hyaline 
degeneration were present after 1 hour with mild 
increases in extravascular mast cells. The presence 
of an amorphous substance was additionally noted 
in the perimysium between the muscle fibers. 
After 2 hours post-administration, the test group 

showed minimal hemorrhage edema, myofiber 
fragmentation and inflammation. The placebo 
group additionally displayed mild edema in the 
perimysium and surrounding peripheral nerves 
with minimal hyaline degradation of the scattered 
fibers. 

After 24 hours, mild edema, fibrin deposition, 
fragmentation and inflammation were present 
in both groups, while minimal edema was noted 
with an increase in inflammation in the test 
group with moderate edema and inflammation in 
the placebo group after two days. After 7 days, 
moderate inflammation and edema with minimal 
fibrosis and mild fragmentation were seen in the 
test group with the placebo group similar, except 
for moderate fibrosis and no fragmentation. After 
14 days of administration, inflammation was 
moderate in both groups, with fragmentation 
absent. Both groups displayed a significant 
decrease in histopathological variations between 
7 and 14 days. After 21 days, minimal fibrosis 
and an area of mild macrophage infiltration were 
present in the test group, with the placebo group 
showing moderate fibrosis and inflammation with 
minimal degeneration. After 28 days, the test 
group displayed mild inflammation, degeneration, 
fibrosis, and fragmentation with no further 
changes in the placebo group since Day 21. The 
histopathological results indicated acute toxicity 
and mild muscle tissue injury consistent with 
needle insertion and rapid administration of the 
formulation [25,26]. 

4. Conclusion

The developed NEGC system was successfully 
prepared and evaluated in vitro, ex vivo and 
in vivo in this study. In vitro analysis detailed 
the morphological, rheological and structural 
properties of the constituents of the NEGC system 
and the benefit of using both free drug and drug-
loaded nanomicelles within the system (11% 
disulfiram release within 28 days of administration 
compared to 42% release from the nanomicelles 
within the thermoresponsive gel alone) with  
in vivo analysis showing that after administration 
of the NEGC system to rats via IM injection, 
the NEGC system released disulfiram over the 
28-day test period in a sustained release manner 
with a maximum plasma disulfiram concentration 
achieved after 21 days (27.33μg/mL). The 
presence of the NEGC system in the rat body 
after 28 days was further confirmed through  

Figure 11.  Light microscopy histological im-
ages of (A) healthy muscle tissue, (B: Test Group 
and C: placebo group) muscle tissue with mini-
mal histopathological lesions, (D: test group 
and E: placebo group) muscle tissue with mild 
histopathological lesions and (F: test group and  
G: placebo group) muscle tissue with moderate 
histopathological lesions.



126

Nanofabrication (2022) 7Mia et al. (2022), 116-127

high-frequency ultrasound imaging with 
myotoxicity and histopathology studies displaying 
acute toxicity common in IM administration of the 
drug-loaded and drug-free gels with all significant 
histopathological abnormalities decreasing 7 days 
after administration of the system. In vivo analyses 
furthermore highlight the therapeutic potential of 
the NEGC system, whereby a patient could be 
administered with the system every few weeks 
with little need for patient compliance. This would 
have several benefits in alcohol dependence and 
other therapeutic interventions whereby the API 
and formulation constituents can be modified to 
ensure increased patient adherence and improved 
treatment outcomes.
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