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1. Introduction
Methadone hydrochloride (MDN) is a white crys-

talline powder, which is soluble in water (12 g/100 mL) 
and alcohol (8 g/100 mL), and partially insoluble in glyc-
erol and ether [1, 2]. It is an effective pharmacological 
substitution treatment for opioid dependence. MDN has 
been adopted in different countries as a maintenance 
treatment (MMT) for heroin addiction [3–5]. However, 
MDN can be diverted from legal sources and mis-
used [6–8]. Tablets may be pulverized to powder to be 
dissolved in water or alcohol for intravenous use or by 
insufflation [9, 10]. 

Since MDN is a crystalline opioid [1, 2], microcrys-
talline tests could have a potential forensic benefit for 
characterizing illicit sources of the drug. Recommenda-
tions to use such tests in characterizing crystalline abused 
drugs have been advocated for opioids [11, 12]. However, 
the microcrystalline test provides insufficient data about 
basic crystal structure of powdered drugs available on the 
black market [13]. This study investigated whether ad-
vanced microscopic techniques could address these issues.

Methadone is an old drug whose crystallisation 
was last studied in 1950 [14]. MDN crystals were charac-
terised using polarized light microscope (PLM) as dia-
mond in shape with an angle of 62° with 3 refractive in-
dices (α=1.5713, ß=1.6232 and γ=1.6360); indicating that 
MDN is an anisotropic material [14, 15].

We proposed further work using 3-dimensional 
examination of MDN crystals with SEM and CM be-
cause they have been widely used in pharmaceutical sci-
ences to analyse the morphology of crystalline and con-
trolled drugs [16–18]. Esmaeili, and Khodaei (2019) 
successfully used SEM and CM in characterizing target-
ed magnetic nano capsules, which were loaded with 
MDN and rifampin [19]. 

To our knowledge the dimensional measurements 
of MDN crystals, the relationship between the birefrin-
gence colours, MDN crystals thickness and the light re-
tardation have not been investigated previously. 

The aim of this study was to evaluate the com-
bined microscopic techniques in identifying the morpho-
logical and optical properties of MDN crystals for use in 
forensic investigations to identify unknown powders in 
forensic cases. 

2. Planning(methodology) of the research
To achieve the goal of this study the following 

stages were followed:
– Stage I – MDN crystallization optimization 

stage: in which, three different methods for preparing 
methadone crystals were used to elect the best one that 
could be used to prepare a satisfactory amount of MDN 
crystals depending on the physical properties of MDN 
powder.
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– Sage II – Characterisation stage: here the pro-
duced crystals was characterised by different microscop-
ic techniques depending on the MDN crystals optical 
properties.

– Stage III – The microscopic-linked readings 
stage: in this stage the results obtained from stage II were 
linked to establish a novel approach for characterising 
MDN crystals considering all the pros and cons of this 
method. This stage was based on employing the inherent 
optical properties of MDN crystals (refractive indices 
and birefringence colours) in correlation with MDN crys-
tal thickness to better characterise MDN crystals.

3. Materials and methods
3. 1. Materials
Methadone hydrochloride ≥98 % (MWT 345.91, 

Lot# SLBC6135V) and HPLC grade water (MWT 18.02, 
Lot# BCBR 0209V) were purchased from Sigma-Aldrich 
Company (Gillingham, UK). Gilson’s pipettes (Pipetman 
2–20 µL) and (Pipetman 100–100 µL) were purchased 
from Gilson Scientific Limited (Bedfordshire, UK). The 
polarized light microscope Leitz Dialux 22EB: Leica 
Microsystems UK Ltd, Milton Keynes, the Leica confo-
cal microscope (TCS-SP2, Wetziar, Germany) and the 
SEM (Hitachi S 4000 F.E.G., Tokyo, Japan) were used for 
morphological characterization. For MDN particle size 
measurements, the optical microscope (Nikon Labopho-
to) with the Panasonic camera (WVCL310) and the parti-
cle size analysis software (V1999) were used. The tem-
perature and humidity were measured by Datalogger, 
USB, Temp/RH (catalogue number is IN07645) pur-
chased from Lascar company (Wiltshire, UK). 
Rhodamine B dye (Lot# 47H3506) purchased from Sig-
ma-Aldrich, Gillingham, UK. Image J software (1.50i/ 
national institute of health USA). Hot-plate stirrer (Har-
mony HTS-1003) was purchased from Yorlab company, 
York, UK). For statistical comparisons, the SPSS 24 
software was used.

3. 2. Methods
3. 2. 1. Optimization of MDN re-crystallisation
To optimize MDN re-crystallisation, MDN pow-

der was mixed with HPLC grade water. Room tempera-
ture and humidity were recorded using USB datalogger. 
Three different techniques were explored:

1. Weighed MDN method: glass microscope 
slides were prepared in a ratio of 1:4 (MDN:water). 
MDN (2.5 mg) was spread onto the slide with 10 µL of 
HPLC water.

2. Hot stage method: MDN solution (10 µL of 
HPLC water and MDN 2.5 mg) was covered with a cov-
erslip and sealed to prevent evaporation. The slide was 
heated to 50 °C (rate of 1 °C/min) with a holding time of 
10 mins at this temperature. Undissolved particles of the 
super saturated solution of MDN was used for the crys-
tallisation process. The heating and cooling cycles were 
observed using the PLM (Dialux 22EB, Leitz) and the Qi 
Imaging camera with a magnification of X25. 

3. Closed container method: MDN solution (50 mg 
MDN mixed 200 µL of HPLC water at 50 °C) in a closed 

vial (n=2), vortexed for 10s and cooled down for 2 hrs to 
3.5 °C. MDN crystal formation from each vial (10 µL on 
a microscope slide) was observed by PLM.

3. 2. 2. Polarized light microscope (PLM) ob-
servation method

The PLM was used to study the optical properties 
of MDN particles and crystals and to determine retarda-
tion colours. The prepared slides of MDN-water solu-
tions were observed using the PLM (Dialux 22EB, Leitz) 
and the Qi Imaging camera with a magnification of X25. 
For polarized observations a cross-polarizing filter and λ 
(Lambda) plate red 1 compensator were used to enhance 
the contrast images quality [20]. The cross polarizer was 
rotated until the extinction position was achieved (black 
background obtained) to make a contrast between the 
sample crystals and the slide background [20, 21]. To in-
vestigate the effect of the cross-polarizer angle setting on 
the retardation colour of MDN particles, 0.25 mg of 
MDN powder was spread on a microscope slide and ob-
served by the PLM. For standardization, delineation of 
the central area (25×20 mm) of the bottom side of the 
slide was carried out using a permanent marker. Then, 
this area was dynamically observed (from the top side 
where the methadone hydrochloride powder is distribut-
ed) with a magnification of ×40.

3. 2. 3. Characterizing MDN particles 
The optical microscope (Nikon Labophoto) with a 

Panasonic camera (WVCL310) and particle size analysis 
software (V1999) were used to observe 3 slides of MDN 
(magnification of X40) to measure the particle size of 
500 MDN particles by measuring the volume diameter. 
The volume diameter was defined as the volume of a 
sphere having the same volume as the particle, and it was 
calculated according to equation (1):

( )1/36 / ,= πdv v   (1)

where dv – volume diameter, and v –volume of the particle.
An anisotropic material such as MDN has more 

than one refractive index (RI or n) depending upon the 
lattice direction; the difference between the RIs (∆n) of 
the material is known as birefringence [21–23]. 

3. 2. 4. Scanning electron microscope obser-
vations 

The SEM was previously used to characterize 
crystal morphology at room temperature [17, 24]. MDN 
Crystals were prepared using the closed container meth-
od for SEM observations. PLM observations were car-
ried out using a magnification of X25 before gold coating 
to correlate MDN crystals colours with the thickness 
measurements. Each slide was metallised with gold 
(15 nm thickness) using a method described by [25]. To-
tally, 42 crystals were observed (Six crystals for 7 slides) 
using SEM at an accelerating voltage of 20 kV [26]. The 
crystal dimension measurements were carried out in du-
plicate using Quartz PC software using an aerial image 
to determine length and width measurements, and a ver-
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tical view (90° tilting) to measure the thickness of each 
crystal.

3. 2. 5. Confocal microscope observations
The confocal microscope generated a 3D image by 

scanning the optical sections of the sample using Z-stack 
scan, which is a digital image processing technique pro-
viding three-dimensional views [18, 27, 28]. The Z-stack 
scanning technique was used to determine if the CM could 
measure crystal dimensions including its thickness [28, 29]. 

CM samples were prepared as follows: MDN solu-
tion (closed container method) required 0.0001 % g/mL 
warm rhodamine (Rh) solution (50 °C) as a crystallising 
solvent for the confocal microscopy. The Rh solution 
(0.0001 % gm/mL) was prepared by mixing 0.1 g of 
rhodamine dye with 100 mL of HPLC water. Then 1 mL of 
Rh solution (0.1 % g/mL) was diluted to a 0.0001 % g/mL 
solution. Seven slides were prepared, and 6 crystals were 
observed from each slide (n=42). The confocal images used 
a magnification of ×40 at excitation level 543 nm.

3. 3. Statistical analysis 
MDN crystals (n=42) were analysed to determine 

the crystal length, width, and thickness using SPSS 24 
software. Independent samples t-test and Mann-Whitney 
U test were used to carry out the inferential statistics 
between the SEM and CM measurements. The mean 
values of MDN crystals thickness were measured and 
used in the following equation:

Retardation (r)=thickness (t)×birefringence.   (2)

As the thickness was measured in µm, the retarda-
tion was usually measured in nm, and the birefringence 
represented the difference between the biggest and small-
est refractive indices (n2 and n1 respectively). The equa-
tion that was used to calculate the retardation was [21]:

r=1000×t×(n2–n1). (3)

After obtaining the mean values of retardation, the 
prediction of the birefringence colours range of MDN crys-
tals was obtained using Michel-Levy Birefringence Chart.

4. Results
Satisfactory MDN crystallisation was recorded for 

the closed container method: single diamond shaped MDN 
crystals were formed with the lowest MDN crystalline 
aggregation as compared with the other methods. During 
the MDN re-crystallisation process, the relative humidity 
(% RH) was found to impact on MDN re-crystallisation. 
Although between 24 % and 70 % RH, satisfactory MDN 
crystal formation was achieved using the closed contain-
er-method. However, when the RH>70 % no MDN crystal 
were produced. Room temperature changes did not alter 
the MDN re-crystallising or characterization process. The 
polarized and non-polarized photomicrographs of re-crys-
tallised MDN using the closed container method showed 
better consistency of shape and number of crystals formed. 
The crystals were diamond in shape and exhibited yellow 

retardation colours (Table 1). Therefore, the closed con-
tainer method was shown to outperform other methods 
and, hence, was used in all further experimentations. 

Table 1
Polarized photomicrographs of MDN crystals (with a 

magnification of X25) prepared with HPLC water using 
slides methods showing different retardation colours 

exhibited by MDN diamond crystals
Crystal 
prepa-
ration 

method

Unpolarized photomi-
crograph

Polarized photomicro-
graph (aggregations 

image)

Weighed 
MDN 

method

Saturated 
solution 
of MDN 

(Hot 
method 

using hot 
stage) 

 Saturated 
solution of 
MDN (us-
ing closed 
container 
method)

MDN crystal preparations yielded a diamond 
shape as demonstrated in the orthographic projec-
tion (Fig. 1), which shows an intrinsic angle of 62°.

Characterization of MDN crystals using SEM 
and CM.

The dimensions of MDN crystals determined by us-
ing SEM and CM. SEM images of MDN crystals at 90º 
tilting of the slide enabled the determination of the thickness 
of the crystals in µm (Fig. 2). Six single crystals separated 
per slide were eligible for 3D imaging using the SEM.

In the top view (Fig. 2, a, c, e) the longest dimension 
represented the crystal length, while the shortest represent-
ed MDN crystal width. Three further SEM images of MDN 
crystals (Fig. 2, b, d, f ) at 90° tilting position demonstrate 

Fig. 1. Orthographic projection of a MDN crystal, 
showing the diagnostic angle of 62° for MDN crystals
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the thickness measurements of these crystals. Using an ae-
rial view of MDN crystal, the mean length of MDN crystal 
was 46.4±15.2 µm (range 12.6 µm to 83.3 µm), whilst the 
width was 28.03±8.2 µm (range 9.0 µm to 45.8 µm), and the 
thickness 6.62±2.9 µm (range 3 µm to 12.9 µm). It was also 

possible to measure the dimensions of MDN crystals using 
the CM (Fig. 3). These pictures show the aerial view and the 
3D view of MDN crystals. The confocal microscope visual-
ly divided each crystal to several slices and measured the 
thickness by the z-stack technique.

Fig. 2. Length, width, and thickness measurements of MDN crystals: a, c, e – SEM images of aerial views for MDN 
crystals length and width; b, d, f – thickness measurements of MDN crystals

a b c

e f g

Fig. 3. Confocal microscope images of MDN crystals (magnification of ×40), showing the dimension values of MDN 
crystals: a, c, e – the aerial views of MDN crystals length and width; b, d, f – thickness measurements of MDN crystals. 

MDN crystals exhibited a red colour because of rhodamine B dye

a b c

d e f
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The mean MDN crystal length was 32.0±8.3 µm 
(range 13.5 µm – 52.52 µm), the width 20.85±5.5 µm 
(range 8.08 µm – 32.13 µm), and the thickness 
9.6±4.6 µm (range 4.2 µm to 24.38 µm). Significant 
differences were observed when SEM and CM MDN 
crystal dimensions were compared. SEM MDN crys-
tals were significantly longer (t (82)=5.14, p<0.05) and 
wider (t (82)=4.72, p<0.05) than CM dimensions (mean 
length of 46.4±15.2 µm versus 32±8.3 µm, and mean 
width of 28.03±8.2 µm versus 20.85±5.5 µm, respec-
tively). An independent samples Mann-Whitney U Test 

showed SEM MDN crystals significantly thinner 
(U=1283, p<0.05) than CM crystals (6.62±2.9 µm Vs 
9.6±4.6 µm). 

The retardation range for MDN crystal thickness 
(measured by SEM) was 195 - 839 nm. The mean SEM 
thickness of MDN crystals was 6.62 µm, yielding a re-
tardation value at 428 nm (Fig. 4). According to the 
Michel- Levy birefringence colour chart, therefore most 
MDN crystals should demonstrate a yellow colour (at 
the extinction position) as seen in the PLM photomicro-
graphs in Table 1.

Fig. 4. Michel- Levy birefringence colour chart, demonstrating the retardation value of MDN crystal thickness 
according to the SEM measurements. By intersecting the diagonal line starting from 0.065 (yellow line) with blue 

line at 6.62 µm (the mean value of MDN crystals thickness) and drawing the red line perpendicular on the x-axis, the 
retardation value would be at about 428 nm

Table 2
Photomicrographs of MDN particles at the extinction position and after clockwise rotation of the cross polarizer at 

different positions
Cross polarizer position Polarized photomicrograph Observations 

1 2 3

At the extinction position 
Interference colours were observed for MDN particles as they 

exhibited different colours such as yellow, green, red, and orange. 
Black background denotes what is known as extinction position

After 90° clockwise 
rotation 

The interference colours of MDN particles were changed as com-
pared with the interference colours of MDN particles at the extinc-

tion position. For example, the green areas of MDN particles turned 
to orange after 90°clockwise rotation of the cross polarizer

After 180° clockwise 
rotation 

At 180° interference colours of MDN particles were different as 
compared with the interference colours of MDN particles at the 
previous positions. For example, there were bright blue areas of 

MDN particles (which were noticed at the previous position) turned 
to orange colour areas at this position
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MDN particle were found to range from 2.1 to 
44.0 µm with a mean projected area diameter of 
26.6±1.8µm. The descriptive analyses of MDN particle 
size measurements are illustrated in Fig. 5. Micro parti-
cles and very fine particles were identified alongside 
MDN crystals. The micro particles represented 25.7 % of 
the powder with a volume diameter ranging from 0.1 to 
10 µm, while the bulk weight of the powder had a volume 
diameter ranging from 28.7 to 45.4 µm (classified as very 
fine particles). 

The cross polarizer setting effects on the retarda-
tion colours of MDN particles were studied and the pho-
tomicrographs of MDN particles at different cross polar-
izer positions in relation to the extinction position could 
be seen in Table 2. In addition to the colour change ob-
servations, some of MDN particles were no longer visible 
at the extinction position, while they can be seen at other 
positions of the cross polarizer (Table 2). 

5. Discussion
This study established the optimal conditions and 

methods needed to prepare and characterize MDN crys-
tals using different microscopic techniques. MDN crys-
tal thickness, birefringence colour and retardation rela-
tionship were established for the first-time using 
Michel-Levy birefringence colour chart.

In accordance with Hubach and Jones original 
work, water was used as an inexpensive, safe, easy to use 
solvent. MDN recrystallisation was optimized by slow 
heating and cooling the supersaturated MDN solution in 
a closed container. An important finding was the impact 
of humidity >70 % on MDN recrystallisation. Mullin 
(2001) has noted that nucleation and crystal growth rate 
can be affected in this way [30]. 

The PLM continues to be the best tool for character-
izing anisotropic materials and crystalline drugs [14, 20, 22] 
such as methadone. We confirmed the formation of the 

typical diamond shaped MDN crystal 
with 62° angle value. 

Different retardation colours 
were shown with the PLM such as pur-
ple, blue and yellow. This was attribut-
ed to the effect of the anisotropic mate-
rial (MDN) on the polarized light as 
when white light passed through the 
polarizer, the MDN travelling at differ-
ent velocities (acting as a beam splitter), 
splits the plane polarized light into two 
parts, each one vibrating in two sepa-
rate planes perpendicular to each other 
(ordinary and extraordinary rays). One 
ray is retarded in respect to the other 
(this optical condition is known as re-
tardation). When the ordinary and ex-
traordinary rays pass through the ana-
lyzer, they interfere or recombine 
causing the specimen to appear co-
loured [31]. Thus, optical interference 
at the analyzer plane, which destroys 
some wavelengths and reinforces oth-
ers [15, 20, 21], is behind the appear-
ance of different colours of MDN 
crystals and particles. 

Fig. 5. MDN particle size analysis, showing two series of data: the blue one 
represents the volume diameter of MDN particles, and the orange series 

represents the cumulative percentages. More than fifty percent of the particles 
had volume diameter equal or less than 28.7 µm

Continuation of Table 2
1 2 3

After 270° clockwise 
rotation 

At 270° interference colours changed as compared with the interfer-
ence colours of MDN particles at the extinction position; however, 

the same interference colours of MDN particles noticed at 90°of the 
clockwise rotation were recorded

After 360° clockwise 
rotation 

After 360° clockwise rotation, the same interference colours were 
obtained at the extinction position as previously observed
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In addition, the appearance of different MDN 
crystal and particle colours may be attributed to the dif-
ference in MDN sample thickness, as sample thickness 
and retardation values affect the appearance of interfer-
ence colours [21, 32]. Differentiation of the interference 
colours of MDN crystals was achieved by identifying the 
range of MDN crystals thickness, and correlating the 
retardation, thickness, and birefringence of anisotropic 
crystals (equation (2)). This outcome, coupled with the 
aid of Michel-Levy birefringence colour chart, can help 
to enrich the pharmaceutical and forensic database about 
MDN crystals characterization.

It was also observed that the analyzer-polarizer 
angle affected the retardation colours of MDN particles. 
This was due to the creation of different wavelength in-
terferences of the polarized light that passed through the 
anisotropic material (MDN) at the analyzer level, pro-
ducing different interference colours at 90°, 180°, and 
270° as compared to the interference colours at the ex-
tinction position. Therefore, MDN particle colours 
change if the angle between the polarizer and the analyz-
er was altered. Hence, to standardize the diagnosis of 
MDN for forensic purposes, MDN particles and crystals 
should be observed at the extinction position when the 
cross polarizers are perpendicular to each other. 

Some MDN particles that did not exhibit interfer-
ence colours (or appeared black) at the extinction site can 
be attributed to the fact that the direction of one of the 
principal refractive indices was parallel to the vibration 
direction of the polarizer. This led to cancellation of the 
second vector component; therefore, the second vector 
equalled zero. In this case, the emerging light from the 
material had the same vibration direction as the polarizer, 
i.e., the emerging light direction was perpendicular to the 
analyzer direction. Thus, the analyzer absorbed the 
emerging light and prohibited its transformation on to the 
microscope objectives leading to the appearance of black 
spots [21, 33].

The rotary stage of the SEM enabled the determi-
nation of the actual dimensions of MDN crystals in a 
standard manner using the tilting procedure at 90°. A 
MDN crystal was confirmed as diamond shaped with an 
intrinsic angle of 62°, mean length 46.4±15.2 µm, width 
28.03±8.2 µm and thickness of 6.62±2.9 µm. However, 
the mandatory gold coating step meant that this diagnos-
tic test is expensive and requires trained personnel in 
addition to the difficulties of the tilting procedure to 90°, 
encouraged the trial of an alternative technique.

The CM using Rhodamine B dye to characterize 
MDN could determine dimensions using horizontal (x, y) 
imaging over a wide area of a crystal, and Z-stacks to de-
termine sample thickness [34]. MDN re-crystallisation 
with warm super saturated rhodamine solution helped to 
overcome the disadvantages mentioned by Singh et al. in 
2012 [18] in providing a more uniform staining of MDN 
crystals, but there was a difficulty in measuring the thick-
ness accurately and significant differences in the dimen-
sions measured using Z-stack scanning. This was attribut-
ed to the imaging process requiring emitted light from the 
stained MDN crystals. The poorer resolution of dimen-

sions achieved by the effect of rhodamine B dye accounted 
for the significant difference between SEM and CM di-
mensions for MDN crystals. CM was shown to be less re-
liable in measuring MDN crystals than the SEM.

The demonstration of a correlation between the 
thickness of a MDN crystal and the retardation value of 
MDN using the Michel-Levy birefringence chart helped to 
explain the range of retardation colours exhibited by MDN 
crystals under the PLM. Moreover, the predominant yel-
low colour of MDN crystals observed by using the PLM 
reflected the retardation value of MDN crystals with a 
mean thickness of 6.62±2.9 µm. This was confirmed by 
the mathematical calculation thus confirming the colour 
yellow as a defining characteristic of the MDN crystal.

Besides confirming the colours range of MDN 
crystals, the Michal-Levy birefringence chart was em-
bodied in the determination of retardation value for 
MDN crystals. In a previous study, Beaufort et al. (2014) 
calculated the thickness of calcite crystals using PLM 
(with a cross polarizer) in relation to the Michal-Levy 
birefringence colour chart. However, they could not ver-
ify the crystal thickness when greater than 4.5 µm [35] 
and reported this as a limitation for the PLM; a shortcom-
ing confirmed in our study. In contrast, using SEM thick-
ness measurements of MDN crystals with the aid of Mi-
chel-Levy birefringence colour chart, MDN crystals 
retardation colour range was successfully determined to 
be between 195–839 nm.

The success of determining a procedure to charac-
terize MDN crystals may be encouraging in terms of 
application to other types of controlled crystalline drugs 
with the potential usefulness in forensic cases to identify 
powders of unknown sources, particularly new psycho-
active substances (NPS). 

Study limitations. The number of measured crys-
tals was limited to 42 crystals due to the technical diffi-
culties and high cost required for measuring MDN crys-
tals thickness using the SEM. In addition, more crystalline 
addictive drugs should have been studied to establish a 
library of crystalline addictive drugs that could be used 
in identifying the unknown powders of these materials. 

Prospects for further research. Studying the 
cooling and time effects on the MDN crystallisation pro-
cess as they are important parameters that can influence 
MDN crystals formation.

1. Studying the efficacy of these techniques in 
characterizing methadone hydrochloride crystals that 
can be prepared from crushed tablets.

2. Establishing the relationship between MDN bi-
refringence colours, crystal thickness and the Mi-
chael-Levey birefringence colour chart using the SEM to 
establish a diagnostic method for detecting the source or 
the supplier of MDN.

6. Conclusion
The closed container method was best to re-crys-

tallise MDN at room temperature with relative humidity 
<70 % RH. This procedure produced recognised dia-
mond shaped crystal, with a diagnostic angle of 62°. 
Thickness of MDN crystal and the refractive indices 
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were contributing factors to the resultant retardation co-
lour, expected to be yellow. 

Due to the ambiguous correlation between the bire-
fringence theory and the properties of MDN crystals, a 
combined use of microscopic techniques was developed 
and correlated for the first time using the SEM that the 
mean values for a single MDN crystal length (46.4±15.2 µm), 
width (28.03±8.2 µm) and thickness (6.62±2.9 µm).
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