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1. Abstract 
Tablets are the most preferred drug delivery dosage from compares to all other 

delivery forms. Tablet sizes are very important to consider with respect to the 

patient compliance. During the early development stage, it is very important to 

screen out the material based on their compressibility at each plane for further 

formulation. There are mainly three type of crystallization method like 

evaporation, cooling, and antisolvent method. Slow cooling method is a useful 

method to determine the crystal property at a different temperature point. 

Metastable curves assist in identifying the nucleation point of crystal during 

cooling method.  A limited quantity of the drug and time constraint makes it 

difficult to adopt trial and error techniques for optimizing tablet formulations 

using directly compressible excipients. Hence, characterizing the compression 

properties of API is desirable in the early development stage. Single macro size 

crystal was nucleated at a different temperature point using a slow cooling 

method.  These crystal x, y, and z plane were identified by using the simulated 

PXRD pattern from the Mercury software. Crystal characterized using PXRD, DSC, 

and TGA. A compression stage was mounted in a x-ray diffractor for microscopic 

studies of crystal. Microscopic studies showed that the crystal nucleated from 65 

°C saturated solution was having low Young’s moduli compared to crystal 

nucleated at a 55 °C. Compaction simulator were used to calculate the 

macroscopic level studies of crystal. Force-Displacement data were used to 

calculate the Heckel analysis and Work-related parameters. Elastic recovery of 

tablet was affecting the strength of a tablet.  
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2. Introduction 

Background 
 
Direct compression is the easiest manufacturing option with minimum steps and least expensive 

technique[1]. Apart from easy process, the advantage of direct compression involves reduce capital, 

labor, and no use of water advantage for water sensitive API. A poorly compressible and high dose API 

molecule is hard to compress with direct compression. Compressibility of this type of API molecule can 

be improved by crystallization. The unique arrangement of molecule in three-dimensional (3-D) defines 

the crystal structure. The smallest 3-D arrangement of molecule is called the unit cell [2]. Crystalline 

material characterized by unit cell arrangement.  

 

Crystal anisotropy is known as ability of single crystal to show different physical and chemical 

properties for different axes. Crystal shape and molecule packing can influence mechanical properties 

based on the orientation during compression. Tableting properties of API molecule can be predicted 

from mechanical properties of single crystal. Growing of crystal involves attachment of molecule layer 

to crystal face. The energy released during the attachment of this layer is called as Attachment energy[3]. 

Sip planes and attachment energy are inversely related. Change in d-spacing measurement helps to 

identify the sip planes. Visualization of crystal structure helps to identify sip planes and crystal structure. 

Largest d-spacing values are of sip planes. 

 

To grow crystal with desired properties, an understanding of nucleation point of crystal in necessary. 

Solubility and metastable curve will give idea of nucleation point of API molecule at different 

temperature point[4]. The metastable zone is defined a zone between solubility curve and metastable 

curve providing information about controlled crystallization process. A metastable curve is the detection 

point of temperature at which crystal gets nucleate and detected at constant cooling rate. Nucleation of 

crystal take place after crossing the unsaturated region and to enter in supersaturation region with 

decreasing in temperature[5]. As soon as supersaturation is achieved, small cluster of molecules begin 

to form with increase in collision frequency of molecule[6]. The formed cluster dissolves into solution 

until it reaches a definite size and get stabilize. Metastable curve was identified with the help of constant 

cooling rate under control environment. The metastable zone width is the change in concentration 

between solubility curve and metastable curve limit. The metastable zone width can be calculated using 

equation 1:  
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                                      𝑙𝑛𝑋𝑀𝑆𝐿 =  𝑙𝑛𝑋𝑠𝑜𝑙  +  𝑀𝑆𝑍𝑊                                                             (1) 

Equation 1: Metastable zone width 

 

Figure 1: Solubility and metastable curve predicting metastable zone width. 

Crystallization occurs when the solubility of solute reduces in solvent system. Method to reduce 

solubility includes: (A) Cooling (B) Antisolvent addition (C) Solvent evaporation (D) Precipitation 

method. Metastable curve limit was obtained using cooling method. Mettler Toledo Easy Max 

Crystallizer were used to obtain control condition of temperature. Saturated clear API solution were 

obtained with increase in temperature. Nucleation of API molecule take place with slow cooling rate 

and agglomeration of embryo. Large crystal forms with desupersaturation with decreasing in 

temperature. 
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Figure 2: Single Crystal synthesis 

 

In situ compression stage Deben Microtest mounted in powder X-ray diffractometer were used to 

measure crystal anisotropy of API molecule. The change in d-spacing were calculated using the 

diffraction pattern with stress induced on single crystal. The d-spacing value of crystal decreases with 

the increase of compression force. It works on principal of mechanical compression of single crystal 

with different compression force. To develop a relation between strain and changes in d-spacing in 

crystal under stress. Anisotropic Young’s moduli and Bulk moduli were calculated for understanding of 

compressibility of API molecule. Planes were identified by calculating simulated PXRD pattern in the 

Mercury v3.8 software. Compressibility properties of x, y, and z plane of API single crystal was 

calculated and identified best compressing plane of API.  



10 
 

 

Figure 3: Compression stage mounted on PXRD 

 

Figure 4: In situ compression stage with crystal 

 
Figure 5: Microtest Compression test screen 
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A high dose Metformin HCl, a class of drugs called biguanides were selected for present study[7]. A 

type 2 diabetes mellitus drug having a dose of 500, 750, and 1000 mg. Metformin HCl d-spacing, and 

attachment energy will be calculated using CCDC structure data base (REFCODE: JAMRIY01). The 

stable form A of Metformin HCl crystal will be used for compression profile study. A macroscopic 

profile study of different anisotropic crystal of Metformin HCl will be performed using Compaction 

simulator. Macroscopic properties like compressibility, compatibility, tableting, heckel analysis, and 

work descriptors will be calculated by compressing crushed crystals.  

 

3. Statement of Problem 

The rapidly increasing cases of type 2 diabetes is one of the important concerns for the health care 

professionals. Metformin HCl approved by the U. S. Food and Drug Administration (FDA) IN 1995, 

since then it is mostly prescribed drug for type 2 diabetes. Metformin HCl is a poorly compressible 

drug, which require about 40 – 50% excipients. High daily dose (1000 to 2550 mg) of MET makes 

bigger size of tablet. Patients of all age complains about the size of tablet and face problems 

swallowing the tablet. Crushing or cutting the tablet makes patient to avoid taking pills, also alters 

the absorption of the medication.  

 

Poor compressibility of MET can be improved by recrystallizing anisotropic crystal of API using 

metastable curve. In crystallization industry, crystal shape and size as well as habit and internal 

structure are important characteristics for use of the crystals. Crystallization techniques are so 

spontaneous it is where hard to predict the properties of crystal. Optimum crystallization process can 

be accomplished if the metastable zone width is known. It is important to measure supersaturating 

and metastability for better prediction of desired properties of crystal.  

 

If screening of pharmaceutical materials is performed during the early stages of development that 

would save process time and costing of medicines. Compressibility of materials came to know at a 

formulation stage during the compression of materials to develop a tablet. Crystallization techniques 

are spontaneous, it is very hard to predict the experimental conditions when crystals are nucleated. 

Evaporation method of crystallization is unpredictable when the crystals will nucleate and the 

properties of crystal. Slow cooling method of crystallization can help to determine the temperature 
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at which first nucleation of crystal is observed. Metastable curve with the slow cooling method for 

crystallization can help in determining the desired properties of the crystals.  

For development of metastable curve, solubility of API at different temperatures values are 

require[8]. Solubility determination at higher temperatures point is very hard to control temperature 

conditions during the sample handling and analysis. Special requirements of instrument are required 

to perform the solubility studies at different temperatures point. Easy max crystallizer can be used 

to determine the solubility at a controlled temperature condition. Mathematical calculations have 

been done to determine the solubility at a very high temperature point where we cannot be able to 

measure the solubility of API. Determination of mole fraction of solute in solvent at a temperature 

point range helps to determine the solubility at a further higher temperature point[9].  

 

A crystalline material exhibits different properties in their physical properties in different planes. 

This property is known as crystal anisotropy[10]. Different molecule orientations in different planes 

and intermolecular interactions shows different properties of planes[11]. It is very important to 

analyze the anisotropic nature to understand the tableting performance of crystalline drugs. To 

understand the effect of compression on planes of crystal, a compression study of single crystal is 

required. A state of the art In-situ compression stage were developed to understand the effect of 

compression on a single crystal plane. Anisotropic Young’s moduli calculation using the d-spacing 

of crystal planes can be calculated using the compression stage. Macroscopic properties of the 

pharmaceutical materials can be calculated using the force-displacement data. These data can be 

generated from the compaction simulator by compressing materials at a definite compression 

pressure. A macroscopic property such as yield pressure of plastic deformation, yield pressure of 

elastic recovery, work of compression, and work of elastic recovery. A combination of 

understanding microscopic and macroscopic level properties of pharmaceutical materials helps to 

determine the tableting performance of the material.  
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4. Challenges 
 

➢ As a first step of developing Metastable curve, solubility value of API at different 

temperatures is important to measured. First challenge was to develop a method of 

solubility using instrument modification for better solubility determination of API. Vant’s 

Hoff equation were used to calculate solubility of API at higher temperature with the 

extrapolation of plot.   

➢ Second challenge were to develop a single big crystal using cooling method in presence of 

solvent. Special modification of instrument was done on crystallizer to find the solution of 

challenge. Different screening of solvents and crystallization process were done as a 

preliminary study to get a single crystal. 

➢ Third and final task was to do compression study of single crystal using compression stage 

along with x-ray diffraction. The challenge was to identify the different planes of single 

crystal and compress at different compression force. 

 

5. Hypothesis 

 Anisotropic pharmaceutical crystalline material obtained from the knowledge of metastable zone 

can facilitate a selection of an optimal crystalline material for better tableting performance. 

6. Specific Aims 
 

Specific Aim#1: To plot solubility curve and metastable curve limit for single crystal using 

cooling technique 

Supporting Aims:  

➢ To develop and validate HPLC method for Metformin HCl to analysis solubility of sample at 

different temperature. 

➢ To plot a solubility curve of Metformin HCl by measuring solubility of API at different 

temperature in solvent system. 

➢ To find out of nucleation temperature point of different saturated solution at different 

temperature. 
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➢ To determine equation of metastable zone width with the help of solubility curve and metastable 

curve limit. 

➢ To screen a solvent system composition for getting a single big size crystal of API molecule. 

➢ To evaluate the process parameters of crystallizer for growing a big size single crystal. 

➢ To understand the effect of different cooling rate on size of crystal. 

➢ To characterize the grown crystal by PXRD, DSC, and TGA studies. 

 

Specific Aim#2: To measure Young’s moduli of different plane using single crystal of 

Metformin HCl using In situ Compression stage mounted in PXRD. 

Supporting Aims: 

➢ To install and set up compression stage in Powder XRD instrument. 

➢ To optimize the parameters of compression stage for compressing crystal along with X-ray 

analysis of crystal. 

➢ To compress single crystal at different force for calculation of d-spacing using PXRD pattern. 

➢ To find out the x, y, and z plane of crystals using Mercury v3.8 software by simulated PXRD 

pattern.  

➢ To calculate d-spacing at different plane of crystal grown at different temperature. 

 

 

Specific Aim#3: To measure macroscopic level properties of crystal using compaction simulator 

Supporting Aims: 

➢ To compress tablet of crushed crystal using Compaction simulator. 

➢ To measure mechanical properties like Heckel analysis, work related parameters.  
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7.  Study Design 
 

 
Figure 6: Experimental Design 
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8. Material and Methods 

a. Materials 

Metformin HCl (Lot No. 1910040036) was purchased from Letco ™ Medical, AL. Ethanol, 

Acetonitrile, and Methanol was purchased from Sigma-Aldrich, MO. Ultrapure water 

obtained from in-house assembly of MilliQ® IQ 7000 system (Millipore Sigma, Burlington, 

MA) was used for the studies. 

 

Metformin HCl 

CAS number: 1115-70-4 

 

Chemical Name; 1,1 - Dimethylbiguanide hydrochloride 

 

Chemical Formula: C4H12ClN5 

 

Chemical Structure: 

 

Figure 7: Metformin HCl structure 

 

Formula weight: 165.625g/mol 

 

Log P: 2.64 

 

pKa (Acid): 12.4 ± 0.4 
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Solubility: 1.06 x 10^ mg/L at 25 °C 

 

Metformin HCl is a biguanide class of an antihyperglycemic agent, it is first line treatment 

therapy for type II (non-insulin-dependent) diabetes mellitus patient [12]. Metformin HCl 

improves the glucose glycemic levels by decreasing hepatic glucose production, which 

decreases intestinal absorption of glucose and improves insulin sensitivity by peripheral 

glucose uptake and utilization. MET is a Class III that has high solubility and low 

permeability. It has oral bioavailability < 40% of the doses and it had a plasma half-life of 

1.5 to 4.5 h [12]. Metformin HCl has a daily dosage of 500 - 1000 mg/day[13]. 

 

b. Methods 

Solvent selection for crystallization process were done based on preliminary studies to get a 

single crystal. Single component and multiple components were used for solvent selection 

studies. Solvents like water, methanol, ethanol, acetonitrile were screened for crystallization 

process. Based on the results obtained and desired target results binary component of two 

solvents were selected for studies. Mixture of methanol: water was selected as a solvent for 

solubility and crystallization process. Different ratios (1:1, 2:1, and 1:2) of methanol: water 

was checked to get optimize ratio of solvent for studies.  

 

Cooling rate for crystallization process were optimized by preliminary studies of running 

slow cooling at a different rate. Cooling rate of 2 ºC/ 60 min were selected for crystallization 

process for studies. Modification of process were done by taking out stirrer from the solution 

before starting cooling of solution to get crystals.  

 

i. High Performance Liquid Chromatography (HPLC) Analysis  

                  A reverse phase HPLC method was employed to quantify MET concentration in the 

solubility samples (Agilent 1100 series, Agilent Technologies, Cranberry, PA), which was 

equipped with a UV detector and an Agilent C18 (5.0 µm, 4.6 mm X 150.0 mm). The mobile 

phase comprised of 0.1% orthophosphoric acid and acetonitrile in the proportion of 40:60% 

v/v. The flow rate was 0.8 mL/min, the injection volume was 10.0 µL, and the temperature 
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of the column was kept at 55 °C. MET eluted at 4.6 min and was analyzed at 236 nm for all 

the samples. All the method suitability measurements were performed in triplicate. 

 

System suitability are used “to verify the detection sensitivity, resolution, and reproducibility 

of the chromatographic system are adequate for the analysis to be done”[14]. System 

suitability (specificity and selectivity) was evaluated using six replicate injections of 

Metformin HCl (100.00 µg/mL). The recommended RSD (%) should be <2% to pass system 

suitability test as per the USP. Accuracy defines as “Accuracy indicates the closeness of the 

test results to the true values”[15]. Accuracy was determined by injecting three 

concentrations (20, 80, and 100 µg/mL) of Metformin HCl with three different dilutions. 

Each run was done in the triplicate. The recommended RSD (%) should be <2% to pass 

system suitability test as per the USP. 

 

“Precision is the degree of agreement among individual test results when an analytical 

method is used repeatedly to multiple samplings of a homogenous sample”[15] A method 

repeatability was evaluated using six injections of 100.00 µg/mL with six different dilution 

of Metformin HCl. The recommended RSD (%) should be <2% to pass system suitability 

test as per the USP. “Linearity is the ability of elicit test results that are directly, or by a well-

defined mathematical transformation, proportional to analyte concentration within a given 

range.” 

Range is defined as the interval between the upper and lower levels of analyte (intrusive) that 

have been demonstrated to be determined with a suitable level of precision, accuracy, and 

linearity using the method as written.” The linearity of the Metformin HCl response in HPLC 

was tested in the range of 20 to 100 µg/mL at five different concentrations. These 

concentrations were 20, 40, 60, 80 and100 µg/mL. These runs were done in the triplicate. 

The R2 value should be >0.999 is required to pass linearity test as per the USP. 

 

HPLC method were validated according to the ICH guidelines requirements for linearity, 

system suitability, precision, accuracy, and filter binding(International Council for 

Harmonization (ICH), 2005). 
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ii. Solubility Curve 

The saturation solubility of Metformin HCl at different temperature was measured using 

Mettler Toledo Easy Max Crystallizer. The closed assembly of instrument gives better 

opportunity to measure solubility at high temperature. Excess amount of Metformin HCl was 

added to 20.0 mL mixture of Methanol: Water (50:50) in closed jacketed beaker with paddle. 

The temperature of jacket was kept constant at 20, 25, 35 and 45 ºC for determination of 

solubility at different temperature. The paddle speed was kept constant of 200 rpm for 48 h 

for proper mixing of solute in a solvent. The paddle was stopped after 48 h and kept for 5 h 

to allow sufficient time for excess Metformin HCl powder to settle before collecting sample 

at a respective temperature point. The prewarmed pipette tip (20, 25, 35 and 45 ºC) was used 

to collect 0.1 mL supernatant from a closed jacket beaker. The collected sample were diluted 

with distilled water in 10.0 mL of prewarm volumetric flask [17]. The diluted sample were 

analyzed using validated HPLC method. All studies were performed in triplicates.  

 

Saturation solubility of Metformin HCl at 20, 25, 35 and 45 ºC was determined using 

experimental studies. Van’t Hoff equation was used to calculate solubility at higher 

temperature[18]. The solubility of API at higher temperature like 50, 55, and 65 ºC were 

calculated using Van’t Hoff equation at extrapolate points [17]. Moles of solute and solvent 

were calculated based on solubility experiment were done at 20, 25, 35, and 45 ºC. Enthalpy 

of fusion (ΔHf) were calculated from the Differential scanning calorimetry (DSC) plot. Slope 

equations were used to calculate solubility of solute at a higher temperature point.    

 

                                 ln 𝑥 =  −
∆𝐻𝑓 

𝑅𝑇
 (

𝑇𝑚 − 𝑇

𝑇𝑚
) − ln(𝑦)                                                              (2) 

Equation 2: Van't Hoff equation 

Where, ΔHf (J/mol) is the enthalpy of fusion. Tm (K) is the melting point of the solid solute; 

T (K) is the temperature of the solution; R (8.3145 J/mol. K) is the gas constant[19]. 

 

iii. Metastable Curve   

Metastable zone lies between solubility curve and the metastable limit curve[20]. Metastable 

zone represents supersaturation condition where nucleation and crystallization event 
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occur[21]. Metastable zone width is the difference between solubility curve and metastable 

curve (nucleation curve). The region in the right of solubility curve is where API remains in 

a solution (Figure 1). The region to the left of metastable curve is unstable zone where 

uncontrolled nucleation occur. The region between solubility curve and metastable curve is 

the region where nucleation is not likely to occur.  

 

A known concentration of MET was added in mixture of 40 mL of Methanol: Water (50:50) 

in closed jacket beaker with paddle. The temperature of jacket beaker was heated up to 

respective temperature (45, 50, 55, and 65 °C) as soon as possible with stirring speed of 200.0 

rpm to solubilize API in a solvent. Stirring of paddle were kept running for 5 min at high 

temperature point. Solvent will be clear after all solutes get dissolved, and forms uniform 

solution. Once solution get clears, second phase of cooling initiates. The stirring of paddle 

was stopped, and stirrer pulled out from solution. Stirrer were holded with pipette holder 

from outside, to keep stirrer above the solution. Cooling rate of solution were optimized 

based on the initial screening studies of experiments. The temperature of jacket beaker was 

cooled up to 4 ºC with constant cooling rate of 2 ºC/ 60 min to crystallize single crystal from 

solution. As cooling approaches to lower temperature, and solution start to get in a 

supersaturation condition. The solution was observed for any change and temperature at 

which first nucleation take place was recorded. Crystal was harvested after reaching of jacket 

beaker temperature to 4 ºC. This study was performed at four different temperatures of 45, 

50, 55, and 65 ºC to find out nucleation point. Harvested single crystal from four different 

temperature point were stored with care for further studies of compression.  

 

iv. Powder X-Ray Diffraction (PXRD) 

 

X-ray diffraction (XRD) is a technique use to determine the crystal structure of materials. 

XRD works by exposing a material with incident X-rays and then measuring the intensities 

and scattering angles of the X-rays that leave the material. Synchrotron or vacuum tube were 

mostly used for PXRD. The intensities of the scattered X-rays are plotted as a function of the 

scattering angle. XRD is use for characterization of material crystal or amorphous nature. 

PXRD is useful for material quantitative analysis, measuring degree of crystallinity, 

polymorphism, phase transition etc. XRD helps to determine the structure of crystalline 
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material at a molecular level.   X-ray diffraction of pure MET and harvested crystal from 

jacket beaker at different temperature were analyzed on high-resolution X-ray diffractometer 

(Smartlab®, Rigaku, Tokyo, Japan). Crystals were crushed in a mortar pestle to get powder 

form for PXRD analysis. X-ray radiation used was generated by a copper Kα beta filter 

method at 40 kV and 44 mA. A 2mm deep aluminum sample holder was used, and samples 

were scanned from 5 to 40 2  with a scan step of 0.01 at the scan rate of 3 2 /min. 

PDXL software version 2 (Rigaku, Austin, TX) was used for the diffractogram analysis. 

 

MET (Ref Code: JAMRIY01)[22] crystals structures were used from Cambridge 

crystallographic database, (CCDC), Cambridge UK). This simulated Pattern was used to 

compare the PXRD pattern of purchased MET and crystallize MET; it also was used to study 

and compare the structural arrangement of the molecules.  

 

v. Thermal Analysis 

1. Differential scanning calorimetry (DSC) 

                  DSC method has been widely used in material science to measure the temperatures and heat 

flows associated with transitions in material as a function of temperature and time. This 

measurement helps to determine the physical and chemical changes that involves 

endothermic or exothermic process. Analysis of samples were performed by increasing or 

decreasing the temperature uniformly. Heat flow difference between reference and sample 

material are measured[23].  DSC measures the temperature difference between the sample 

and the reference. In standard DSC, temperature was changed linearly and in specified rate 

in degree per minute (°C/min). Modulated DSC works on the two simultaneous heating rates, 

It works on linear heating rate and with a sinusoidal heating rate[24], [25]. Physical and 

Chemical transition of material were characterized by DSC. Physical transition such as 

melting, freezing, crystallization, evaporation, vaporization, and sublimation[26]. Chemical 

transition includes reduction, oxidation, and degradation of material.  

Simultaneous heating rates (linear and modulated) provides information on sample heat 

capacity. The equation that describes the heat flow signal from a DSC or modulated DSC 

experiments. 
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𝑑𝐻

𝑑𝑡
 =  𝐶𝑝

𝑑𝑇

𝑑𝑡
+ 𝑓(𝑇, 𝑡) 

Equation 3: Heat flow equation 

Where, 
𝑑𝐻

𝑑𝑡
 = total heat flow (W/g); Cp is the heat capacity (J/cal), 

𝑑𝑇

𝑑𝑡
 is the heating rate 

(°C/minute), T is the absolute temperature, and t is the time (min).  

 

 A close pan DSC was performed using a Q 200 DSC (TA Instruments, New Castle, 

Delaware, USA). Approximately 5 - 6 mg of sample (MET API and crushed crystal) was 

placed in an aluminum pan and weighed using microbalance. All the samples were heated 

from 25 °C to 300 °C, at a heating rate of 5°C per minute. Nitrogen gas was used to purge at 

a flow rate of 40 mL/min. 

2. Thermogravimetric Analysis (TGA)  

                   TGA was performed using Q 500 TGA (TA Instruments, New Castle, Delaware, USA). An 

approximately 6 -7 mg of MET API and crushed crystal were taken in a platinum pan. The 

pan was placed on the loading stage. All samples were heated from 25°C to 300°C, at the 

heating rate at 5°C per minute. Data analysis was done using Universal Analysis software 

version 4.5 (TA Instruments, New Castle, Delaware, USA).  

 

 

vi. Anisotropic Young’s Moduli from X-ray diffraction 

Qualification of Compression stage was performed after carefully mounted into the PXRD. 

Stage height was adjusted until the X-ray diffracted on the crystal sample and crystalline 

PXRD pattern seen. The crystals were shaped to block shape with the help of a sandpaper. 

Crystal length, width and height were measured for calculating area of crystal. Figure No.8 

shows a detailed view of the compression stage. Piezo electric probe is an important 

component of the compression stage. Block shaped crystal with known dimension were 

placed between probe and the stage. Once PXRD pattern shows desired plane with proper 

angle and height of stage, the crystal is locked with locking screw[27]. The probe is in contact 

with the locking screw, compression stage, top and bottom surface of crystal. The probe 

travels gradually certain distance in µm giving stress to exert a compression force on crystal. 

The probe was kept on hold in contact with crystal if desired force achieved. Diffraction 
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patterns are measured in planes normal to the axis of compression. Step by step with increase 

of compression force, diffraction pattern was collected with different force compressed on 

crystal at different planes. The main advantage of this technique is that X-ray diffraction 

pattern and probe moment to compress crystal is possible at the same time. 

 

 

Figure 8: Crystal with stage 

 

The degree of deformation of each plane shows its mechanical behavior. The change in d-

spacing after compressing crystal will be used for calculating Young’s Moduli[10]. Bragg’s 

Law (Eq. 2) equation will be used for calculation of d-spacing [28]from the angle of 

diffraction [29].  

 

                                                        𝑛λ = 2d sin(∅)                                                     (3)  

                                                                                            Equation 4: Bragg's Law Equation 

 
Where n = integer (1, 2, 3, ….., n); d = space between layer of atoms (Å); λ = wavelength of 

ray in (nm) nanometers; ∅ = angle of diffraction (degree) 

 

Stress is the force applied per unit area of cross section, and strain is the ratio of change in 

length over initial length. A change in the d-spacing value along the given plate can be used 

as strain value for calculating anisotropic Young’s Moduli. If the initial value of d-spacing 

was do (Å), applied force F in Newton (N), area of the cross-section of crystal A (measured 

using a Vernier caliper) in mm2. A change in d-spacing and elastic Young’s moduli are 
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inversely related. Therefore, greater the change in d-spacing, greater the probability of 

compressing.  

                                                 𝑆𝑡𝑟𝑒𝑠𝑠 =  
𝐹

𝐴
                                                             (4) 

Equation 5: Stress Equation 

 

                                          𝑆𝑡𝑟𝑎𝑖𝑛 =  
∆𝐿

𝐿
=  

∆𝑑

𝑑𝑜 
                                                 (5) 

Equation 6: Strain Equation 

                                                             𝐸𝑠 =  
𝑆𝑡𝑟𝑒𝑠𝑠

𝑆𝑡𝑟𝑎𝑖𝑛
=  

𝐹
𝐴

∆𝑑
𝑑𝑜

                                                          (6) 

 
Equation 7: Young's Moduli 

Elastic Young’s moduli and change in d-spacing are inversely related to each other. Crystals 

obtained from temperature point of 65 and 55 °C were used for compression on stage. 

Crystals were shaped in a block shape with a sandpaper. Stage height were adjusted until 

the desired plane of crystal is recognized. X, Y, and Z plane of each crystal were determined, 

and crystals were given a compression pressure. Advantage of this technique is we can 

determine individual planes of crystal using PXRD.  

vii. Particle Density 

Density is the ratio of mass over volume. Most solids contain both inter and intraparticle 

spaces. Fluid displacement can calculate the volume of such materials based on Archimedes 

principle. Helium gas is the desired fluid for displacement as they can easily enter open voids 

in the particle. Helium gas also shows ideal gas behavior[30]. Gas Pycnometer consists of 

two cells, sample cell, and the reference cell. After helium is purged into pycnometer, the 

resulting pressure along with ideal gas law is used to determine particle density. 

 

Powder particle density were measured for calculation of macroscopic properties of samples. 

The Particle density of MET and crystals was measured using helium displacement 

pycnometer (AccuPyc II 1340, Micromeritics). Helium gas was used and purged in sample 
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cell to analyze the density of sample. Particle densities were measured in triplicate. Samples 

were purged with ten repetitive cycles before final recording of data point. 

viii. Powder compression 

Gamlen D1000 benchtop compaction Simulator (Gamlen tableting Ltd, Nottingham, UK) 

was used for compression of crystal samples at Natoli Scientific, Telford, PA. Cylindrical 

flat-faced 6.0 mm punch were used to compact a tablet. Crystal obtained from 55 and 65 °C 

were crushed to get in powder form. Tablet weights were kept constant at 100 mg. Crystal 

powder were sieved from sieve no 30 to avoid the effect of different particle size distribution 

on the material compressibility. Powder was compressed using a “saw-tooth” profile at a 

constant pressure of 100 MPa and a compression speed of 50 mm/min. Tablets physical 

properties were studied at the end of the study. A total of three tablets were made at each 

compression pressure. 

 

Figure 9: Gamlen compaction simulator 

ix. Powder compression analysis 

1. “In-die” Heckel analysis  

Heckel plot demonstrate a linear relationship between compaction pressure and the 

natural logarithm of the reciprocal of the porosity of the powder bed. Heckel parameters 

were calculated from the force-displacement data corrected for punch-to-punch 

displacement[31]. The first part of the Heckel plot with low compression range indicated 
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rearrangement of the powder. Yield pressure of plastic deformation (YPpl) and yield 

pressure of elastic recovery (YPel) was measure using Heckel equation (7): 

                                          𝑙𝑛 
1

𝜀
 =  𝑘𝑃 +  𝐴                                                                               (7) 

                                                                                     Equation 8: Heckel Equation 

where ε is the porosity of the compact at pressure P, k is the linear portion of compression 

and decompression force ranging from 20 – 80 MPa, and A is the constant. Reciprocal of 

the slope (k) of compression and decompression phase with a linearity of R2 value > 0.99 

gives YPpl and YPel of materials.   

 

                                Figure 10: In-die Heckel plot graph 

Figure 10 shows the graphical plot to understand the calculation of Heckel parameters. 

Inverse of slope of green line in plot indicates YPpl value. Inverse of slope blue line in plot 

shows YPel value. Material with low YPpl value indicated high plastic deformation having 

predominant plastic deformation properties. Powder with low YPel determines high elastic 

recovery having predominant elastic properties[32].  

 

2. Work of Compression (WOC) and Work of Elastic recovery (WOE) 

The quantification of work required to compress tablet during the compression and 

decompression phase of materials. Work of compression (WoC) and Elastic recovery (WoE) 

value were calculated using force-displacement data recorded during the compression 
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cycle. Area under curve (AUC) of WoC and WoE was calculated using trapezoidal rule on 

force (kN) vs powder displacement (mm) graph. 

 

Figure 11: Work-related parameters 

Figure 11 is a schematic representation of upper punch force displacement profile. The area 

covered by ABD is called the work of displacement. The area under CBD is called the WoE. 

The difference between the areas of ABD and CBD is WoC. Materials behaves mainly three 

different types of deformation namely plastic and elastic. Plastic material remains in 

deformed condition after compression. Perfect elastic material completely recovers to 

original position in post compression.  Pharmaceutical materials are not perfectly plastic or 

elastic. Material behaves as a predominantly plastic, elastic, or fragmenting material (Figure 

12). These calculations were done on basis of punch displacement data obtained form In-

die compression. This recovery or deformation of material after compression is called as 

apparent work of elastic recovery or apparent work of plastic deformation[33].  
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Figure 12: Material behavior during compression 

 

x. Tablet mechanical strength (TMS) 

 
Breaking force of tablets were measured using a Natoli hardness tester. Tablet dimension 

like diameter ang height were measures using Mitutoyo micrometer. Tablet mechanical 

strength[34] were calculated using the Equation 8: 

 

                                                 𝑇𝑀𝑆 =  
2𝐹

𝜋𝐷𝑇
                                                                  (8) 

Equation 9: Tablet mechanical strength 

Where F is the tablet breaking force (N), D is the tablet diameter (mm), T is the tablet 

thickness (mm).  

 

xi. Statistical analysis 

One-way Analysis of Variance (ANOVA) was performed with α value was set to 0.05 for 

analysis. ANOVA analysis was performed in Microsoft Excel using data analysis tool pack.  
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9.    Results 

i. High Performance Liquid Chromatography (HPLC) Analysis 

Metformin HCl was eluted at 1.90 min. Linearity R2 value of MET method validation was 

0.9997. The six replicate injections of 100 µg/mL concentration of metformin showed the 

RSD (%) < 2% as per the requirement and passed the system suitability test (Table 1). 

 

Table 1: System suitability of Metformin HCl 

SYSTEM SUITABILITY 

Conc. (µg/mL) Area 

100.00 2700.00 

100.00 2634.40 

100.00 2635.30 

100.00 2646.30 

100.00 2628.60 

100.00 2634.40 

Average 2646.50 

STD.Dev 26.84 

%RSD 1.01 

 

Accuracy study of HPLC method validation were performed at three different concentrations 

(20, 80, and 100 µg/mL). The different concentrations injection of metformin with different 

dilutions showed RSD (%) < 2% as per the requirement and passed the accuracy test (Table 

2).  

 

Table 2: Accuracy of Metformin HCl 

ACCURACY 

Conc. (µg/mL) Area Conc. (µg/mL) Area Conc. (µg/mL) Area 

  555.10   2067.50   2624.60 

20.00 540.10 80.00 2091.70 100.00 2729.10 

  545.30   2063.20   2685.80 

Mean 546.83 Mean 2074.13 Mean 2679.83 

Std. Dev 7.62 Std. Dev 15.36 Std. Dev 52.50 

%RSD 1.39 %RSD 0.74 %RSD 1.96 
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Precisions study was performed at 100 µg/mL with six injections at each different dilution 

sample preparations. The six injection of 100.0 µg/mL concentration of metformin showed 

RSD (%) < 2% and passed the precision test (Table 3).  

 

Table 3: Precision of Metformin HCl 

PRECISION 

Conc. (µg/mL) Area 

100.00 2592.70 

100.00 2619.70 

100.00 2617.80 

100.00 2627.10 

100.00 2607.90 

100.00 2593.20 

Mean 2609.73 

Std. Dev 14.37 

%RSD 0.55 

 

Linearity and range study of method validation was performed on range of concentrations 

from 20 to 100 µg/mL. The concentration of 20, 40, 60, 80, and 100 µg/mL showed linearity 

response of the metformin with R2 value >0.999 and meet the requirement to pass the 

linearity and range test (Table 4).  

 

Table 4: Linearity of Metformin HCl 

LINEARITY 

Metformin Conc. 
(µg/mL) Area_1 Area_2 Area_3 

20.00 555.10 531.80 545.30 

40.00 1050.30 1077.20 1110.90 

60.00 1563.70 1564.90 1623.00 

80.00 2067.50 2091.70 2063.20 

100.00 2624.60 2729.10 2593.80 
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Figure 13: Linearity of Metformin HCl 

 

 

% RSD value of Accuracy, precision, and system suitability were less than 2.0% as per ICH 

Q(2) guidelines. Solubility samples were run with the developed and validated HPLC 

method. 

 

ii. Solubility Curve 

To develop the model for metastable limit, the knowledge of solubility process is 

important[35]. Easy max crystallizer was used to measure the solubility of MET at different 

temperatures point (20, 25, 35, and 45 °C) to maintain close environment. Excess amount of 

MET was kept in different temperature points solvent for 48 h. Samples was collected at a 

temperature point of 20, 25, 35, and 45 °C was injected in HPLC for quantitative analysis of 

MET. The solubility of Metformin HCl were found to be 58.94, 80.43, 132.30, 192.52 

mg/mL at 20, 25, 35, 45 °C respectively. 
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Table 5: Solubility data of Metformin HCl 

 

 

Solubility of MET at 50, 55, and 65 °C was calculated using Van’t Hoff Equation. Plot of 

log mol fraction of solute (x) vs temperature (K) was plotted to get an equation. Solubility 

data measured at four different temperatures point were used to plot the curve. Moles of 

mixture of solvents and moles of solutes were calculated based on molecular mass were used 

to do calculations of equation. Enthalpy of fusion ΔHf (J/mol) and Tm (K) values were -

52783 and 503.77 respectively.  

 

 

Figure 14: Van't Hoff plot of Metformin HCl 

 

Saturation solubility measured at different point of temperature is an important component 

for plotting a metastable curve. Based on the measured solubility at four temperature point, 

Temp Run No Area Dilution factor Area Concentration (µg/mL) Concentration (mg/mL) Average (mg/mL) SD

1 19205.30 100.00 1920530.00 61303.20 61.30

2 18794.30 100.00 1879430.00 59991.31 59.99

3 17396.00 100.00 1739600.00 55528.04 55.53

1 1015.40 2500.00 2538500.00 81028.37 81.03

2 999.80 2500.00 2499500.00 79783.52 79.78

3 1008.50 2500.00 2521250.00 80477.76 80.48

1 1690.70 2500.00 4226750.00 134916.14 134.92

2 1654.30 2500.00 4135750.00 132011.49 132.01

3 2036.00 2000.00 4072000.00 129976.63 129.98

1 2339.30 2500.00 5848250.00 186673.30 186.67

2 2297.30 2500.00 5743250.00 183321.77 183.32

3 2601.00 2500.00 6502500.00 207556.51 207.56

25 ℃ 80.43 0.62

20 ℃ 58.94 3.03

35 ℃ 132.30 2.48

45 ℃ 192.52 13.13
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solubility at extrapolate temperature point were calculated using Van’t Hoff Equation. The 

calculated solubility at 50, 55, 65 °C were 238.78, 291.85, and 436.77 mg/mL respectively. 

Solubility curve of MET was plotted (Figure 15). Exponential trendline were used to get a 

solubility equation at different temperatures point. Solubility equation obtained from the plot 

found to be: 

 

 

 

Figure 15: Solubility curve of Metformin HCl 

 

iii. Metastable Curve 

The concentration of MET at different temperatures points were obtained from the solubility 

curve as an important component to develop a metastable curve. Saturation solution of MET 

was developed at a respective temperature point depending on the solubility. Temperature 

point of 65, 55, 50, and 45 °C was selected to determine the nucleation point and develop a 

metastable curve. Saturated solutions were cooled at a slow colling rate to nucleate a crystal 

and grow a big single crystal. Saturation solutions were kept in a constant condition without 

disturbing the motion. Temperature probe were inside the saturation solution to keep the 

measure and control the temperature of jacket. The solution was cooled at a cooling rate of 
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2 °C/ 60 min from the respective four different temperature starting points to the 4 °C. The 

nucleation temperature point was recorded where the crystal we can observe. Saturated 

solution at 65, 55, 50, and 45 °C showed crystal nucleation at a temperature point of 42.25, 

31, 25, and 18°C, respectively (Figure 16).  

 

 

 

 

 

 

Figure 16: Nucleated crystals at different temperature points of Metformin HCl 

Solubility curve and nucleation curve were plotted in concentration vs temperature plot 

(Figure 17). Orange color line curve represents the metastable curve. Blue color line curve 

shows the solubility curve. An exponential curve was fitted to both solubility and metastable 

curve to get equation. The range of values difference between the two curves represents the 

metastable zone. The distance between the solubility curve and the metastable curve 

represents the metastable zone width. By rearrangement of the equations in figure 17, the 

following equations were obtained: 
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                                                   ln 𝑌 = 0.0425𝑇 + ln 28.414                                               (10) 

Equation 10: Solubility equation of Metformin HCl 

 
                                                                            ln 𝑌 = 0.0339𝑇 + ln 103.19                                           (11) 

Equation 11: Metastable curve equation of Metformin HCl 

 
Where, Y represents the mole fraction of Metformin HCl and T is the temperature for both 

solubility and metastable curve.  

 

Figure 17: Metastable curve of Metformin HCl 

 

iv. Powder X-ray Diffraction (PXRD)  

Metformin HCl and crystal obtained from the metastable curve were analyzed and compared 

with the PXRD pattern. Experimental PXRD of MET showed the crystalline peak at 2Ɵ 

values of 12.20°, 17.62°, 22.32°, and 24.50°. This pure MET pxrd pattern shows the stable 

form A[36]. The PXRD pattern of crystal harvested from metastable curve at different 

temperature were also overlaying to pure API pattern confirming the recrystallization of 

Metformin HCl. Figure 18 shows the overlay of pure metformin HCl, and crystals obtained 

from the metastable curve. The PXRD pattern are perfectly overlaying to each other 

demonstrating the crystals are Metformin HCl. The simulated PXRD pattern (Figure 19) 

were used to determine planes of crystal from Mercury 2021.1.0 (CCDC, Cambridge, UK). 
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Metformin HCl (Reference code: JAMRIY01) were used to calculate PXRD pattern[37]. 

Unit cell of metformin HCl were shown in figure 20.  

 

Figure 18: Experimental PXRD pattern of Metformin HCl API and Crystal 

 

                           

 

Figure 19: Simulated PXRD pattern of Metformin HCl (Ref code: JAMRIY01) 
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Figure 20: Unit cell of Metformin HCl 

 
 
 

v. Thermal Analysis 

1. Differential scanning calorimetry (DSC) 

 
The DSC thermogram of Metformin HCl showed an endothermic peak at 227.80 °C (Figure 

21). The peak corresponds to melting point. MET CRYSTAL obtained from metastable 

curve showed an endothermic peak at 227.72 °C. The overlay DSC thermogram shows 

similar pattern which confirms recrystallization of Metformin HCl. There was no loss of 

weight observed at this temperature in TGA (Figure 22) which shows that this is an 

endothermic peak due to the melting of a pure compound. Other endothermic peaks in DSC 

thermogram demonstrates the degradation of MET. There is no endothermic peak observed 

below 100 °C, which shows there is no hydrate in crystals obtained from the nucleation curve 

(Figure 21). Enthalpy of fusion for Metformin HCl and MET crystal obtained from the DSC 

plot are 273.2 and 295.9 J/g, respectively.  
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Figure 21: DSC thermogram of Metformin HCl and MET crystal 

 

2. Thermogravimetric Analysis (TGA)                    
 

  TGA overlay of Metformin HCl and Met crystal showed no solvent loss on heating. MET 

and crystal obtained from nucleation curve start degrading around 227 °C.  
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Figure 22: TGA overlay of Metformin HCl and MET crystal 

 

vi.  Anisotropic Young’s Moduli from X-ray diffraction  

Young’s moduli were calculated from the values of d-spacing with the measurement of           

stress and strain. Young’s moduli decrease with increasing in the compression force on the 

single crystal. Three representative planes x, y, and z were chosen for crystal obtained at two 

temperature points of 55 and 65 °C. Planes of crystals were determined from the simulated 

PXRD patterns obtained from the Mercury software. Planes x, y, and z of crystals at 65 °C 

were (1,0,0), (0,1,0), and (0,0,1) respectively (Figure 23). Similarly, crystal at 55 °C x, y, 

and z planes were (2,4,-2), (0,0,2), and (0,0,2) respectively (Figure 24). All crystals were 

shaped in a block shape with a known dimension’s values. For each plane of crystal different 

crystals were selected for a compression study test using X-ray diffraction. 
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Figure 23: Planes of crystal at 65°C  

Diffraction studies were performed of each crystal at 0 N force, before started applying 

compression force to planes of crystals. X- plane of 65 °C crystal was compressed from 0 N 

compression force to 8 N. Similarly, y and z plane of 65 °C crystal was compressed from 0 

to 4 N compression force. The x-plane of 65 °C crystal showed lowest Young’s moduli 

compare to other two planes of crystal (Figure 23). The z-plane showed highest Young’s 

moduli compared to two different planes. The Young’s moduli of x, y, and z planes were 

found to be 66.64, 152.75, and 144.28 MPa, respectively for 65 °C crystals. These data 

suggests that x-plane of 65 °C crystals are more compressible compared to other two planes. 

There is larger d-spacing in x-plane compared to other planes forming a softer plane.  

 

 

Figure 24: Planes of crystal at 55 °C 



41 
 

Similar trends were observed for crystals at 55 °C. The x-plane showed lowest Young’s 

moduli compared to other two planes. The z-plane showed highest Young’s moduli 

compared to all other planes. Young’s moduli of crystal planes at 55 °C are significantly 

more compared to planes of crystal at 65 °C (Figure 23). The z- plane of crystal at 55 °C had 

greater Young’s moduli compared to z- plane of crystal at 55 °C. The z-planes of both crystal 

points have a greater resistance to compression. X-plane of crystals have a higher probability 

of exhibiting slip planes[10].  

 

 

Figure 25: Young's moduli of 65 and 55 °C crystal planes 

vii. Particle Density  

Crystal powder were sieved from the sieve no #30 before measurement of particle density to 

avoid particle size difference on the helium pycnometer. Particle density of crystal nucleated 

at 65 and 55 °C was 1.362 ± 0.002 and 1.361 ± 0.002 g/cc, respectively.  

 

viii. Powder compression analysis  

1. “In-die” Heckel analysis  

Heckel analysis was performed during compressing a sample at 100 MPa to understand the 

deformation tendencies of materials. Heckel plot of crystal at 55 and 65 °C were shown in 

figure 26. The plot pattern demonstrates that Metformin HCl have a greater tendency of 

elastic recovery[31], [32]. The YPpl and YPel value of crystal at 65 °C was calculated as 
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58.382 ± 1.193 and 109.715 ± 6.047, respectively. These values were found to be lower 

compared to crystals at 55 °C (Figure 27). The YPpl and YPel value of crystal at 55 °C was 

calculated as 67.468 ± 1.901 and 137.694 ± 2.864, respectively. Crystal at 55 °C have a 

greater tendency of compression compared to 65 °C nucleated crystals. There were statistical 

significance differences were observed between values, with a P-value less than 0.05. 

 

Figure 26: Heckel plot of crystals at 55 and 65 °C 

 

 
Figure 27: YPpl and YPel vales of crystals 

 

2. Work of Compression (WOC) and Work of Elastic recovery (WOE) 

WoC and WoE results of both temperature point crystals are represented in Figure no 

27. The work of compression for crystal at 55 °C was found to be more compared to 

crystal at 55 °C. The work of elastic recovery found to be oppositely difference. The 
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WoC and WoE of crystals at 65 °C are 0.614 ± 0.12 and 0.200 ± 0.003, respectively. 

WoE of crystals at 65 °C was more compared to crystals at 55 °C. The WoC and WoE 

of crystals at 55 °C was 0.622 ± 0.007 and 0.198 ± 0.005, respectively. There were no 

statistical significance differences between the WoC and WoE values.  

 

 
Figure 28: Crystals apparent WoC and WoE 

 

ix. Tablet mechanical strength (TMS) 

 
Tablets compressed at 100 MPa for crystal at 55 and 65 °C were used to understand the effect 

of material on strength of tablet. TMS of crystal at 65 °C was less compared to crystals at 55 

°C. TMS values demonstrates that YPel is predominantly affecting the strength of tablets 

compared to YPpl. As YPel value of crystal at 65 °C were found to be significantly lower 

than crystals at 55 °C. There was statistical significance difference between the TMS values, 

with a p-value less than 0.05.  
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Figure 29: Tablet mechanical strength of crystals at 65 and 55 °C 
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10. Conclusion 
 

Solubility curve equation were developed by measuring the solubility of MET in methanol: 

water (50:50 %w/w) at different temperature points of 20, 25, 35, and 45 °C. Van’t Hoff 

equation was used to calculate the solubility at higher temperatures points of 50, 55, and 65 °C. 

Accuracy, precision, system suitability, and linearity of HPLC method development were found 

to be less than 2 %. Crystallization method of slow cooling was developed to grow a macro size 

crystal at different temperatures points. Cooling rate of 2 °C/60 min was used to grow a single 

macro size crystal in methanol: water (50:50 %w/w) solvent. Saturated solution at 65, 55, 50, 

and 45 °C showed crystal nucleation at a temperature point of 42.25, 31.00, 25.00, and 18.00 

°C, respectively. 

 

The PXRD pattern of crystal harvested from metastable curve at different temperature were also 

overlaying to pure API pattern confirming the recrystallization of Metformin HCl. DSC 

thermogram showed melting of pure MET and crystals from metastable curve at 227.80 and 

227.72 °C, respectively. TGA for material showed no solvent loss, only degradation 

temperature point was seen. Particle density of crystal nucleated at 65 and 55 °C was 1.362 ± 

0.002 and 1.361 ± 0.002 g/cc, respectively. 

 

Tableting properties were studied at molecular and macroscopic level. At the molecular level, 

crystal planes of 55 °C showed less compressible compared to crystal planes of 65 °C. All three 

planes of 65 °C have less Young’s moduli compare to 55 °C, which indicates more spacing in 

planes of 65 °C. At the macroscopic level, crystal at 65 °C showed low YPpl and YPel compared 

to crystal at 55 °C. Elastic recovery was higher at 65 °C compared to 55 °C crystals. This 

resulted in greater compressibility of crystal at 55 °C. There was no statistically significant 

difference in work related parameters.  
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