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Abstract 
Assessing physical stability of drugs is important both in the development as well as in the 
production phase in the pharmaceutical industry. We used nanomechanical infrared (NAM-IR) 
spectroscopy based on photothermal response of a nanomechanical resonator, to investigate the 
solid state forms of tadalafil (TAD), under various storage conditions in sub-micron thin films. 
The amorphous TAD was stable, when kept at normal storage conditions of 24oC, 45% relative 
humidity (RH) and shielded from light, however, it crystallized after four days when it was at 
stress storage conditions (40oC, 70% RH, and direct sunlight). Additionally, we found that the 
signals recorded with NAM-IR were comparable with the attenuated total reflectance Fourier 
transform infrared spectroscopy (ATR-FTIR) and that NAM-IR proved to be a suitable and time 
efficient method when evaluating TAD in sub 500 nm layers. 
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1. Introduction
Oral delivery is the preferred route for drug administration, due to its ease of administration, high
patient compliance and cost effectiveness (Aulton and Taylor, 2017). Many drugs in the pipeline
from the pharmaceutical industry have a poor aqueous solubility. These drugs cannot dissolve in
the available volume of gastrointestinal fluids and thereby, they cannot be absorbed over the
intestinal wall and into the blood stream (Lu et al., 2017; Lu et al., 2014).
One strategy to improve the aqueous solubility is to keep the drug in its amorphous form
improving the dissolution rate and thus, often the oral bioavailability (Paca et al., 2009; Zhang et
al., 2012). However, the amorphous forms are in a thermodynamically unstable state, and
therefore over time they tend to spontaneously convert to metastable or stable crystalline forms
(Bauer, 2009; Spain, 1995). The onset of crystallization is frequently associated with the
molecular mobility of the amorphous matrix (Aso et al., 2004; Yu, 2001), and therefore the
physical stability of amorphous drugs can be improved by addition of polymers to create a solid
dispersion (Rickert et al., 1984). However, the drug still has a tendency to convert back to a
crystalline form (Aso et al., 2004; Yu, 2001), and the conversion can occur during
manufacturing, storage and/or dissolution (Nishino et al., 2000). Therefore, among others, the
effect of storage conditions such as humidity, temperature and light are important and required to
be evaluated (Hancock and Parks, 2000). Various well established techniques are currently used
for characterization of the solid state form of drugs such as x-ray powder diffraction (XRPD),
differential scanning calorimetry (DSC), Raman spectroscopy, polarized light microscopy
(PLM), and infrared (IR) spectroscopy (Byard et al., 2005; Gupta et al., 2003; Mura et al., 2002;
Nielsen et al., 2013).
When evaluating layers less than few micrometers the characterization can be challenging (Huth
et al., 2012). Conventional DSC requires long analysis times (minutes to hours). In addition,
DSC is a destructive method for the samples as in DSC, the glass transition, crystalline and
melting peaks are observed by heating the drugs, and the state of drug is detectable using these
peaks (Kessler, 2004), therefore unsuitable for the evaluation of the stability of drugs. XPRD
method would not be suitable for measuring thin samples since the X-ray beam would measure
deeper than the thicknesses of the films (Sarsfield et al., 2006). Conventional IR spectroscopy
approaches does not provide high quality results in within a reasonably limited experimental
time frame when evaluating sub-micron films (Laroche et al., 2013). Although Raman
spectroscopy is a rapid measurement method, nondestructive and requires no sample preparation,
it has been indicated that nonaromatic, noncrystalline, hydrophilic excipients have poor Raman
scatters compared with drug substances that are normally aromatic heterocycles (Furuyama et al.,
2008). With PLM birefringent crystalline material in thin transparent powders can be easily
detected. However, the samples must be transparent for this method to work, thus PLM is not
suitable for intact tablets (Neilly and Roth, 2016).
For oral administration of drugs, tablets are the most common dosage form. Hence, the drug (e.g.
in its amorphous form with or without addition of polymers) needs to be compressed into a tablet
(Ramin et al., 2011). Therefore, it is essential to measure crystallinity over time on a tablet, but
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this is challenging with the current methods. The crystallization will often happen on the surface 
of the tablet and hence, this is important to being able to measure the crystallinity in very thin 
layers for example in less than 1 µm thick layers (Ramin et al., 2011). In addition, when 
developing controlled sequential drug release surfaces, based on electrostatic layer-by-layer 
assembly, it is required to perform systematic characterization of layers at the sub-micron level 
(Laroche et al., 2013). Drugs and polymers are built in separate layers, often with a thickness of 
100-200 nm (Moskowitz et al., 2010). Thus, it is of high importance to evaluate the stability and 
solid state form of the drug as well as the interactions of drug and polymer while building up the 
layers (Wlodarski et al., 2015).  
Nanomechanical infrared spectroscopy (NAM-IR) using filter membrane resonator was recently 
shown as a sensitive method to performing chemical and morphological measurements on 
roughly100 pg of sample (Kurek et al., 2017). The principle of NAM-IR is based on the thermal 
sensitivity of a nanomechanical resonator (Yamada et al., 2013). The photothermal effect yields 
to a local heat (Bialkowski, 1996) that triggers partial release of native stress in the resonator, 
causing a resonance frequency drop (Larsen et al., 2013). As the light absorption is wavelength 
specific, the representation of resonance frequency shift as a function of the incident wavelength 
becomes a representation of the photothermal spectra. In photothermal spectroscopy the 
detection of the absorption is decoupled by the light source (Bialkowski, 1996). An advantage of 
NAM-IR is that only the absorption of the light contributes to the generation of the signal, In this 
way the shift in the resonance frequency becomes a representation of the absorption spectra and 
therefore the light that is scattered back does not plays any role in the generation of the 
photothermal signal (Yamada et al., 2013), so it is free from light-matters based artifacts.   
The model drug in this study was tadalafil (TAD), a poorly water soluble drug (3 µg/ml in 
aqueous buffer at pH 7.4) belonging to class II in the Biopharmaceutical Classification System 
(Wlodarski et al., 2015).  
The aim of this paper is investigating the solid state forms of TAD, under various storage 
conditions in sub-micron thin films using NAM-IR. For this purpose, silicon nitride membrane 
resonators were used to evaluate crystalline or amorphous TAD in thin films. Spin coating 
enabled the deposition of 100 to1100 nm thick layers of TAD on the membrane in order to create 
a film which mimics a thin film in the surface of a tablet, as a proof-of-concept. The stability of 
the amorphous form of TAD, was evaluated with NAM-IR and compared with values obtained 
with attenuated total reflectance Fourier transform IR (ATR-FTIR). In addition, we studied the 
solid state form of TAD under various storage conditions. 
 
2. Material and methods 
2.1. Membrane fabrication 
Membrane resonators were fabricated based on standard silicon microfabrication 
techniques(Maluf, 2002) on double-side polished silicon wafers using a single mask process. 
First, 100 nm of silicon-rich silicon nitride was deposited on both sides of the silicon substrate by 
means of low-pressure chemical vapor deposition (LPCVD). Then, a sacrificial layer of silicon 
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rich silicon nitride was deposited on the front side of the wafer using plasma enhanced chemical 
vapor deposition (PECVD) as shown in Fig. 1a. This was followed by patterning the etch masks 
(1 mm × 1 mm) on the backside of the wafer by standard photolithography techniques, and the 
membrane areas were etched away through dry etching (Fig. 1b). Subsequently, the membranes 
were released by means of 28 % potassium hydroxide (Fig. 1c), and finally, the sacrificial layer 
was removed by buffered hydrogen fluoride (Fig. 1d).  
 
 
2.2. Sample Preparation  
TAD was purchased in the crystalline form (AK Scientific, Inc., Union City, CA, USA) and was 
dissolved in dimethyl sulfoxide (DMSO). TAD with different concentrations of 5, 10, 15, 20, 39, 
60, and 78 mg/mL were dissolved in DMSO, and the solid states of the prepared solutions were 
directly measured using ATR-FTIR. In addition, the states of thin films prepared from these 
solutions were measured using ATR-FTIR. The results showed that the compounds were 
amorphous in the concentrations of 5, 10, 15, 20, and 39 mg/mL but crystalline at 60 and 78 
mg/mL. Note that the maximum solubility of TAD in DMSO is 78 mg/mL, so this concentration 
was chosen as a crystalline form of TAD and a half of this (i.e. 39 mg/mL) was chosen as 
amorphous form.  
In addition, in order to perform measurements with amorphous TAD as a reference, crystalline 
powder was melted on a heating plate at 180°C for 2 min. The melted TAD was then 
immediately quench-cooled using liquid nitrogen followed by lightly grinding the amorphous 
drug with a mortar and pestle.  
Solutions of TAD in DMSO were deposited on the fabricated membranes using a spin coater 
(WS-650M, Laurell Technologies Corporation, USA). In order to overcome the issues of spin 
coating a low viscosity solution on a hydrophobic silicon nitride membrane, first the surface of 
the membrane was activated using O2 plasma for 75 s in order to decrease the surface 
hydrophobicity. The samples were then heated up to 80oC to increase the adhesion strength with 
the substrate, following spin coating the solution onto the membranes. As a final step, the 
samples were placed at 50oC in DMSO atmosphere for 2 min in order to achieve a slow solvent 
evaporation and to obtain uniform films. By controlling the spin coating parameters such as time 
(s), angular velocity (rpm) and acceleration (rpm/s), thin films of TAD with different thicknesses 
between 100 nm-1100 nm were obtained. The thickness and average roughness was measured 
with a profilometer (Alpha-Step IQ Surface Profiler, KLA-Tencor, USA) (Supporting Information 
Fig. S1). Experimental results showed that when keeping the time and the acceleration constant 
at 45 s and 3600 pm/s and by changing the speed from 800 to 3000 rpm, thicknesses between 
100-1100 nm were obtained for all the samples. The samples were stored at normal conditions 
(24ºC, 45% RH, and protected from direct sunlight) as well as at stress conditions (40oC, 70% 
RH, and exposed to direct sunlight).  
 
 



5 
 

2.3. NAM-IR Setup 
The NAM-IR setup consisted of a vacuum chamber, parabolic mirror, quantum cascade laser 
(QCL), laser Doppler vibrometer, and lock-in amplifier as shown in Fig. 2. 
The membrane resonator was placed on a piezo ring actuator inside a custom-made aluminum 
vacuum chamber. The chamber provided electrical feedthrough for piezo actuator, and the 
chamber had a regular glass window on the top, and zinc selenide (ZnSe) window which is 
transparent for IR radiation on the bottom. The IR light was emitted by a tunable QCL 
(LaserTune®, Block Engineering, Southborough, MA, USA) and was focused on the back side of 
the membrane using a parabolic mirror (MPD254254-90-M01, Thorlabs Inc., Newton, NJ, 
USA). The dynamic behavior of the membrane resonator was read out by a laser Doppler 
vibrometer (MSA-500, Polytec GmbH, Waldbronn, Germany), and the detuning of the 
mechanical  resonance frequency was monitored and recorded by a lock-in amplifier (HF2LI, 
Zurich Instruments AG, Zurich, Switzerland).   
The reference spectrum of TAD was obtained using a transmission FTIR (Spectrum 100T, 
PerkinElmer, Waltham, MA, USA), and a ZnSe ATR attachment was used in the same 
wavelength range as emitted by the IR laser source when evaluating TAD in various thicknesses.  
 
3. Results and Discussion 
The spectra of TAD in 600 nm thin film, recorded with NAM-IR, and with ATR-FTIR in both 
amorphous and crystalline forms, are presented in Fig. 3. The NAM-IR spectra were comparable 
with the ATR-FTIR reference spectra, for both the crystalline and amorphous forms of TAD in 
this thickness. The comparability of these two methods has been previously shown by Prashanthi 
et al., (Prashanthi et al., 2015). 
We observed that in the crystalline form, the major peaks measured at 1238, 1262, 1317, 1487, 
1501, 1659, and 1679 cm-1 using NAM-IR corresponded closely to the reference ATR-FTIR  
showing peaks at 1240,1268, 1322, 1489, 1504, 1645, and 1673 cm-1. The last two peaks are 
attributed to C=C aromatic and C=O amide (Fig. 4). The double peak of TAD carbonyl groups 
observed in the range of 1600-1700 cm-1 in the crystalline form was distorted in amorphous form 
indicating the appearance and participation of both groups in strong hydrogen bonds. Distortion 
of the carbonyl signal is characteristic of amorphous TAD, as described in the literature 
(Wlodarski et al., 2016). 
Generally, the recommended storage conditions are defined dependent on the drug of interest, 
however, most commonly the term ‘normal storage’ refers to temperatures about 25oC, well 
ventilated and dry environment  (relative humidity level less than 60%), and protection from 
intense light (GUIDELINE, 2003; Organization, 2003). The optimum storage condition for TAD 
is at 25ºC and it is not recommended to be stored below 15°C or above 30°C (Food and 
Administration). In some cases, the storage conditions can change, due to improper placement of 
the drugs or unforeseen changes in the environment, therefore, it is important to evaluate the 
stability of the drug at stressed conditions such as increased temperatures, humidity and light 
exposure.  
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When working with various thicknesses of TAD on the membrane resonators using both NAM-
IR and performing reference measurement with ATR-FTIR, we found that although both NAM-
IR and ATR-FTIR is rapid and accurate measurement methods in general, NAM-IR was 
optimum, to evaluate sub 500 nm films (Supporting Information Table1). For sub 500 nm films, 
NAM-IR provided a higher quality spectra relative to the time needed for analysis but ATR 
spectra were very poor, considering that NAM-IR measurements were achieved in 60 sec for a 
wavenumber interval of 1,185 cm-1 with 0.5 cm step size. In the case of ATR-FTIR the 
acquisition time was approximately 5 min. On the other hand in the range of film thicknesses 
from 500 nm to 1100 nm both NAM-IR and ATR-FTIR measurements were feasible, therefore 
600 nm film thicknesses was used for stability studies in comparison with ATR-FTIR.  
The stability of the amorphous form of TAD in 600 nm thick films on membrane resonators was 
under four conditions.  First, the effect of elevated humidity was studied. The drug was stored at 
24oC, 70% RH, and protected from direct sunlight. Then, the effect of direct light exposure was 
studied, at 24oC, 45% RH, while the drug was exposed to direct sunlight. Furthermore, the effect 
of increased temperature was assessed at 40oC, while TAD was kept at 45% RH and shielded 
from light. As a control, the amorphous TAD was kept under normal storage conditions at 24oC, 
45% RH and protected from light. 
We found that the amorphous form of TAD in thin films converted to its crystalline counterpart 
when exposed to increased humidity and temperature as well as direct sunlight after four days. 
However, it remained stable when stored under normal storage conditions for up to four days as 
shown in Fig. 5.and summarized in Table 1. The data obtained with NAM-IR were comparable 
with the results recorded with the ATR-FTIR used as reference method (Supporting Information 
Fig. S2).  
Additionally, when evaluating the storage conditions of the solid state form of TAD with NAM-
IR, we found that the film thickness has no effect on the stability, since TAD became crystalline 
under stressed condition after four days, also in the case of the sub 500 nm film (Supporting 
Information S3).    

 
Conclusion 
By studying the solid state form of TAD in spin coated thin films using NAM-IR, we found that 
after four days the amorphous drug remained stable under normal storage conditions. However, 
stress conditions (40oC, 70% RH, and direct sunlight) resulted in crystallization of TAD already 
after four days. The results obtained with NAM-IR matched with the spectra measured by ATR-
FTIR in the thicknesses larger than 500 nm. We have shown that NAM-IR enabled fast 
assessment of drug stability in thin films allowing the recording of high quality spectra of 
submicron films in less than a minute. Established FTIR based techniques such as ATR-FTIR or 
Infrared Reflection-Absorption Spectroscopy may provide accurate infrared spectra of thin films, 
however due to the low sensitivity for sub-micron samples these methods require long 
acquisition time. In addition, the recorded spectra can be affected by artifacts due to reflections 
taking place at the sample-substrate interface or to the surface selection rule, which allow to 
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probe the vibrations of molecules taking place parallel to the surface (Laroche et al., 2013; 
Ramin et al., 2011).  Instead, NAM-IR provides spectra which are directly generated by only 
light absorption, free from light-matters based artifacts. 
Our findings show the importance of the evaluation of drugs in thin layers, and highlight the 
advantages of NAM-IR. The presented method is a promising approach for studying drugs in 
combination with polymers in thin layers when developing layer-by-layer controlled sequential 
drug release systems as well as in the evaluation of the drug crystallinity on the surface of 
tablets. 
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Figures’ captions 
 
 Fig. 1. Schematic view of the fabrication process flow. (a) Deposition of silicon-rich silicon nitride with 
LPCVD and PECVD, respectively, (b) defining the etch mask (c) realizing the membrane using KOH, (d) 
removing the sacrificial layer. 
 
Fig. 2. Schematic of the experimental setup. 
 
Fig. 3. IR spectra of TAD obtained with NAM-IR and ATR-FTIR. (a) NAM-IR spectroscopy and (b) with 
ATR-FTIR. The arrows indicate the region where major changes occurred in the amorphous vs. 
crystalline TAD spectra both in NAM-IR and ATR-FTIR spectra. 
 
Fig 4. Chemical structure of TAD. 
 
Fig. 5. IR spectra of amorphous and crystalline TAD recorded with NAM-IR, observed during four days 
in various storage conditions. Note that the curves from bottom to top are shifted 0, 2, 4, and 6 units, 
respectively compared with zero reference level. 
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Table 1. Stability of the amorphous form of TAD in thin film in various storage conditions 

 Solid state form Storage conditions 

Day 4 Day 1 Direct 

sunlight 

Relative 

humidity 

Temperature 

Crystalline Amorphous Shielded 70% 24
o
C 

Crystalline Amorphous Exposed 45% 24
o
C 

Crystalline Amorphous Shielded 45% 40
o
C 

Amorphous Amorphous Shielded 45% 24
o
C 

Table 1



Table S1. Comparison between NAM-IR and ATR-FTIR in different thicknesses, considering the quality of the 

spectra relatively to the time needed for analysis 

 
 

Thickness (nm) 

 

ATR-FTIR 

 

NAM-IR 

 

>1000 

 

 
 

 
 

 

500-1000 

 

 
 

 
 

 

<500 
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