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Abstract 
 

Africa has the highest number of people living with HIV and AIDS, with South Africa housing the 

largest Anti-retroviral treatment (ART) program in the world. In addition, the continent is 

troubled by the continuing growth of substandard ART medication which is imported from 

external continents. The World Health Organization also states that due to the limited 

information on this issue, adequate remedial measures cannot be put into place. As such, this 

study proposed the application of surface-enhanced Raman spectroscopy (SERS) as a drug 

screening method for ART. Sensing platforms were synthesized using a combination of metals, 

crosslinker organic molecules, deposition, and self-assembly methods. The platforms were used 

for tailored adsorption of three ART medications in their active pharmaceutical ingredient (API) 

form: Tenofovir (TDF), Lamivudine (LAM) and Dolutegravir (DLG) prior to evaluation with Raman 

spectroscopy. Molecular interactions, signal enhancement and statistical methods such as linear 

regression were carried out on the analytes and data from the SERS analysis showed significant 

differences in the sensing capabilities of the platforms based on the calibration sensitivity, 

analytical sensitivity, and limit of detection. The molecular composition and chemical 

functionality of the sensors allowed specific adsorption and preference to the complementary 

functional groups of the API samples which led to enhanced Raman signals on each platform. 

From the results obtained, it was concluded that the synthesis of tailored platforms for molecular 

sensing of ART medication was successful, providing potential application of these sensors in the 

quality control of anti-retroviral medication. Future work will entail routine molecular screening 

of ARVs to monitor changes in ART quality with respect to geographical location, shelf life and 

formulation methods. 
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Introduction 
Africa has been plagued with the issue of HIV/AIDS related deaths since the 1980s when the virus 

and syndrome became rampant. Furthermore, the number of people living with the illness keeps 

increasing year after year across the continent according to the World Health Organization 

(WHO). This reality implies a continued growth in demand for HIV/AIDS treatment mostly in the 

form of pharmaceutical drugs.  WHO also states that South Africa has the largest budget for 

antiretroviral treatment (ART) in the world, which makes the country a top consumer of the 

medication. Unfortunately, the facts outlined above do fall prey to the problem of substandard 

medication that is being manufactured and sent to the continent for financial gain, which 

automatically has a negative impact on the quality of health in the various countries of Africa.  As 

such, there is a need for investigation into novel quality control methods that can give insight 

into the standard of medication and differentiate between the authentic and untrusted products. 

Since pharmaceutical agents are molecular in nature, an approach from a chemistry standpoint 

would be a promising starting point to investigate the medication.   

Research on nanomaterials and photonics for sensor applications has opened a new window of 

opportunities in small molecule detection applications. The synthesis of chemical sensor 

platforms for the purpose of characterizing biological, chemical and environmental related 

molecules has become a fast-growing area of research. Nanomaterials of gold, silver and other 

transition metals have been thoroughly investigated and functionalized with various types of 

molecular connectors or crosslinkers which, together with the metal, form the sensing 

constituents. Detection of small molecules can occur via different methods; such include the 

electrical approach in the form of field effect transistors and electrochemical detection cells. 

Another popular group of methods uses optical detection, such as surface plasmon resonance 

spectroscopy, UV-Vis spectroscopy and Raman spectroscopy. Other techniques include 

immunoassays where fluorescence is the main signal detected. In this study, chemical sensors of 

gold and silver, stabilized with crosslinkers citrate and cysteamine, were synthesized using bench 

top techniques namely chemical reduction and self-assembly methods. Raman spectroscopy was 

chosen as the detection method to focus on the molecular vibrations that make up both the 

chemical sensors and the analytes. A major challenge with the technique is the low signal output 

and the interference from the glass substrate where the coating is layered. To eliminate the issue,  

physical vapor deposition of gold and silver thin layers was performed prior to functionalizing 

with the above-mentioned nanoparticles. The components of the chemical sensors were 

characterized using UV-Vis spectroscopy and Transmission Electron Microscopy for adsorption, 

morphology and size distribution. Raman microscopy was used to assess the surface of the 

chemical sensors prior to application on the analytes. ARV medication Tenofovir (TDF), 

Lamivudine (LAM) and Dolutegravir (DLG) in active pharmaceutical ingredient form (API) were 

dropped on the sensors and analyzed for molecular characterization and signal response.  

Samples of the APIs were prepared in serial dilutions and used to construct the linear regression 

performance of selected API Raman peaks. This was done to determine the quality of the 
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response of the technique by R2 values. Furthermore, the slopes of the graphs produced gave 

calibration sensitivity values for the linear assessment which, together with the standard error, 

were used to determine the analytical sensitivity of the technique. And lastly, another important 

parameter explored in this study was the limit of detection for the gold and silver chemical 

sensors, which was essential in elucidating the lowest amount of analyte the sensor can detect.  

The findings from the above-mentioned objectives are discussed in terms of molecular 

interactions, chemical sensor performance and statistical differences. Such a focus on the 

synthesis of chemical sensors for ARV medication detection using SERS is not well documented 

in the literature. As such, the study offers a novel approach for manufacturing chemical sensing 

methods specifically for HIV medication, with the potential of providing a quality control 

platform, that monitors changes in the supply of the pharmaceutical products provided to 

government hospitals. The first chapter is a literature view of chemical sensor research focusing 

on synthesis and applications.   
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1.  Literature Review 
The increase in demand for pharmaceutical treatments due to pandemic related illnesses has 

created a need for increased quality control in drug manufacturing. Understanding the physical, 

biological, and chemical properties of APIs is an important area of health-related research. As 

such, research into enhanced chemical sensing and analysis of pharmaceutical ingredients (APIs) 

for drug development, delivery and monitoring has become immensely popular in the 

nanotechnology space. Nanomaterial based chemical sensors have been used to detect and 

analyze APIs related to the treatment of various illnesses pre and post administration. 

Furthermore, electrical, and optical techniques are often coupled with nano-chemical sensors to 

produce data for various applications which relates to the efficiencies of the APIs. In this review, 

we focus on the latest nanotechnology applied to probing the chemical and biochemical 

properties of pharmaceutical drugs, placing specific interest in the several types of nanomaterial 

based chemical sensors, their characteristics, detection methods and applications. This study 

offers insight into the progress in drug development and monitoring research for designing 

improved quality control methods for pharmaceutical and health related research. Lastly, the 

work in this chapter has been published in the journal Nanomaterial titled ”Chemical Sensor 

Nanotechnology in Pharmaceutical Drug Research” https://doi.org/10.3390/nano12152688.  

  

1.1 Introduction 
With the surge of pandemic symptoms on the rise, the need for more therapeutic medication is 

also increasing. Secondly, it is worth noting that with the upcoming variants of the COVID virus, 

we should expect the demand for medication to increase further. As such, pharmaceutical 

companies at both the research and industrial phases will experience pressure to produce more 

drugs in mass without compromising quality control. In the former case, research into drug 

design is paramount to produce new medication with better properties, fewer side effects and 

better efficiencies. Once successful, industrial production of new and existing medication will 

require extensive and thorough quality screening performed in a timely and cost-effective 

manner. These concerns have inspired the compilation of this review article to assess the current 

detection, monitoring and analysis methods used in the pharmaceutical industry. Nanomaterials, 

which are compounds with size dimensions between 1-100 nanometers (nm) play a key role in 

drug research as adsorption platforms [1-3]. These materials carry special properties such as 

electrical conductivity, optical transmittance, easy surface modification, thermal conductivity 

and large surface areas which are all essential requirements of a good chemical and biochemical 

sensor [4-5]. Furthermore, the chemical modification of nanoparticles allows the design of 

tailored scaffolds for the recognition and adsorption of analytes. Chemical interactions such as 

hydrogen bonding, electrostatics, intermolecular forces, pi-pi stacking and ligand binding allow 

the sensors to collect the analyte for high sensitivity and selectivity applications [6-10].  

Another important aspect of chemical sensors is the detection method used to produce the 

signal. An efficient detector must be able to recognize changes in the sensing platform upon 

https://doi.org/10.3390/nano12152688
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interaction with the analyte. Therefore, careful consideration needs to be applied when choosing 

a sensor and detector combination [11-12]. Most research in nanomaterial based pharmaceutical 

investigations employ electrical and optical detection methods for signal collection [13-14]. In 

the former case, electrical apparatus such as surface modified electrodes, conductors and 

electrolytes are combined to form a circuit that can produces electrical signals like impedance, 

voltage, and currency as a means of analyte detection [15-17]. Examples of electrical methods 

discussed in this review are field effect transistors (FET) and electrochemical devices [18-20]. 

Optical detection is also a key feature of this publication where photonics-based methods are 

explored in relation to pharmaceutical research. Organic molecules like therapeutic drugs 

interact with light sources to produce signals that are used in detection [21]. Nanomaterials, 

especially gold and silver offer surface plasmons that produce signal enhancing resonance effects 

necessary for amplification. Localized Surface Plasmon Resonance (LSPR) is an example of a 

detection method where surface plasmons are used for the detection of analytes, mostly with 

the aid of metallic nanoparticles (MNPs) [22-25]. Another consequence of light-matter 

interaction is the production of inelastic scattered radiation which corresponds to the molecular 

bond of the analyte. Raman spectroscopy is a method that uses this scattered radiation to 

characterize a variety of compounds [26-28]. When combined with nanomaterials, signal 

enhancement effects occur, which provide a detection method of high sensitivity and selectivity 

[29-30]. 

 

In this review, properties of polymeric, metallic, and graphene-based nanomaterials are explored 

as adsorption platforms for a variety of pharmaceutical drugs for a wide range of diseases. 

Secondly, a discussion on electrical and optical detection methods based on parameters such as 

limit of detection, linear range and sensitivity is given. Lastly, we end with future prospects and 

shortcomings of nanomaterial based pharmaceutical research in relation to drug monitoring and 

quality control.  

 

1.2 Nanomaterial scaffolds and therapeutic drug applications 
Sensor platforms play a pivotal role in chemical sensing because they interact with the target 

analyte to produce a detectable change in their physical and chemical properties. Such 

interactions occur via chemical bonding or intermolecular forces which cause attachment of the 

analyte to the nanomaterial-based sensor [31-32]. This property of a chemical sensor is crucial to 

the signal output quality and reliability of the detection methods and as such, in this section we 

explore the different nanomaterials used to produce sensing platforms for detection of 

therapeutic drugs. Figure 1 below shows several types of polymeric nanomaterials used in drug 

delivery applications. 
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Figure 1.1:Classifications of nanoparticles and nanomaterials. [33] 

 

The nanoparticles in the image above have been used in various applications regarding 
therapeutic drugs and drug delivery [33-35]. In the following sections, we focus on the polymer 
and inorganic nanoparticles as well as graphene-based sensors to cover a broader scope of an 
already expanding field of nanoparticles.   

1.2.1 Polymeric nanomaterials and their applications 

The key factors challenging the efficiency of therapeutic medicines arise from the biological 

barriers present in the human tissues which affect drug delivery and intracellular transport [36-

37]. As a potential solution, nano-based polymers of various chemical functionalities are explored 

as controlled drug delivery agents for a variety of drug treatments. The interest comes from their 

flexibility in surface modification, biocompatibility and loading capacity for both hydrophobic and 

hydrophilic drugs [38-42]. The current advanced methods for producing polymeric nanoparticles 

include sonication, emulsification, self-assembly, electro-dropping, nanoprecipitation, 

microfluidic and ionic gelation. The general design of polymeric nanoparticles for drug delivery 

applications are nano capsules (polymeric membranes with an empty core) and nanospheres 

(matrix systems in solid form) [43]. Examples of nano capsules include polymersomes, which are 

artificial vesicles that consist of a double membrane made from amphiphilic block copolymers. 

Polymersomes are known for their good stability and efficiency in drug retention during transit 

to the cytosol. Dendrimers are a popular example of nanocomposites which comprise of 

hyperbranched polymers that form a three-dimensional matrix for crosslinking purposes. They 

have well defined intramolecular spaces where drug encapsulation can take place [44]. The 
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maximum amount of cargo that can be carried relies on the shape and size of the drug molecules 

and the number of cavities in a dendrimer. In application, the functionality or surface chemistry, 

as well as the size and shape can be tailored for specific therapeutic drugs and biomolecules [45]. 

There are many ways that nano polymers carry pharmaceutical drugs to the target sites. 

Depending on the polymer design, a drug can be encapsulated in the core of the polymer, 

adsorbed in the polymer matrix, or conjugated to the surface of the nanoparticle. Figure 2 below 

shows the synthesis and application of polymeric nanoparticles in drug delivery 

 
Figure 1.2:Illustration of self-assembled polymer PEG-Schiff nanoparticles and DOX drug delivery using pH sensitive 
conjugate PEG-Schiff-DOX. [46] 

 

In figure 1.2  shown above describes the chemical process of synthesizing PEG-Schiff-DOX 

conjugates for drug delivery. Anticancer drug DOX was encapsulated in a PEG-Schiff nanosphere 

which transports the drug into the target cell via endocytosis [46]. Using these mechanisms, a 

combination of modified polymers is often applied as drug carriers. For example, a pH/redox 

responsive stimuli sensor made from copolymers poly-ethylene-glycol (PEG) and poly-L-Lysine 

(PLL) functionalized with platinum nanoparticles, was used to transport Gemcitabine, a small 

molecule for the treatment of lung cancer [47]. Poly (propylene imine) (PPI) dendrimers were 

chemically modified with folate for targeting the anticancer drug Docetaxel [48]. HIV medication 

Efavirenz and Lamivudine were also targeted using PPI dendrimers which resulted in improved 

drug uptake and efficacy respectively [49-50].  In another study, an anticancer drug Oxaliplatin 

(IV), was cross-linked with polyethylenimine (PEI) for the delivery of reactive oxygen species 

during chemotherapy [51]. Co-drug delivery studies have also been explored where two drugs 
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are delivered simultaneously using polymer nanoparticles. For example, PLGA nanoparticles 

coated with poly vinyl alcohol (PVA) were used to transport the antitumor medication 

Paclitaxel/methotrexate complex [52]. Polymersomes of polylactic-co-glycolic acid (PLGA, inner 

shell) and PEG (outer shell) were loaded with anticancer therapeutics as a promising cancer drug 

delivery platform [53]. The survey done on polymeric nanoparticles shows that these nano 

sensors have been invaluable in pharmacology and oncology research. However, literature has 

also cited a few disadvantages of polymeric nanoparticles such as toxicity and particle 

aggregation which weakens drug loading. As of late, only a few nano polymer-based medicines 

have been FDA-approved, thus this field of research is relatively new and more experimental 

work and clinical trials are still required [54]. 

 

1.2.2 Metallic nanomaterials and their applications 

In the past decades, noble metals and some transition metals have gained interest in a variety of 

nano-based applications, including pharmaceutical research. The main attraction for metallic 

nanoparticles (MNPs) is the resonant plasmon feature that arises from the electron oscillations 

at the surface of metallic atoms [55]. Because of this, MNPs have played a key role in many optical 

detection methods as a signal enhancement platform [56]. Furthermore, the high electrical 

conductivity of MNPs makes them efficient electrochemical sensors in many biomedical 

applications. MNPs can also be tailored into various shapes and sizes as well as chemically 

modified with polymers and other recognition elements to suit the intended applications [57]. 

Nanoparticle synthesis is usually described in terms of two major groups: Top-down and Bottom 

Up. In the former method, the bulk material is broken down into smaller fragments with sizes 

less than 100 nm using diverse sources of energy. Most techniques under this group are used in 

the fabrication of thin film sensors usually from silicon or quartz substrates [58-59]. Examples of 

top-down techniques include Physical Vapor deposition (PVD), Chemical vapor deposition (CVD), 

and optical and electrical lithography [60-61]. For the latter case, bottom-up techniques 

assemble precursor reagents into nanostructures using chemical and physical methods. 

Examples of popular synthesis routes include self-assembly and chemical reduction [62]. 

Stabilizers like sodium citrate, cellulose, thioester, dextran, gelatin etc. are often used to prepare 

the MNPs and provide the starting chemical functionality for further modification [63-64]. Figure 

1.3 below shows the basic process for the preparation of Gold NP using chemical reduction by 

Turkevich and Burst methods [65-66]. 
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Figure 1.3:Synthesis of functionalized gold nanoparticles. A) Turkevich method, citrate stabilized. B) Burst method, 
thioester stabilized. [65-66] 

 

The above A and B are two examples of how gold nanoparticles of various functionality are 

prepared using bottom-up methods. Popular shapes of MNPs produced using these methods 

include nanospheres, nanorods, nano-urchins, nano cubes, nano stars and nanocages [67-68]. 

Imaging techniques such as Atomic Force Microscopy (AFM), Transmission Electron Microscopy 

(TEM) and Scanning Electron Microscopy (SEM) have become the standard for characterizing 

MNPs for most synthesis methods [69-70]. Figure 4 below shows images of MNP acquired using 

different microscopy techniques.  
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Figure 1.4: Images of different shapes of nanoparticles used in drug detection. A-B) TEM images of gold nanorods. 
C) SEM image of silver nanocubes. D) SEM image of triangular nanoplates. [71-72] 

 

Metals such as gold (Au), silver (Ag), Titanium (Ti), Platinum (Pt) and Copper (Cu) have been 

extensively explored as sensors for a wide range of therapeutic and biomedical experiments [71-

72]. Amongst them, gold has received the most attention owing to its inertness, easy 

functionalization, and biocompatibility. For example, gold nanoparticles were modified with PEG 

to form PEGAuNP composite for targeted drug delivery of pancreatic cancer medication 

Doxorubicin and Varlitinib [73]. AuNPs have also been explored as novel diagnostic tools for the 

management of melanoma cancer [74]. In other works, gold was shown to reduce toxicity, and 
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improve immunogenetic activity and stability when used as a vaccine carrier in nanomedicine 

[75]. Glucose detection was demonstrated using AuNP in serum, showing detection limits in the 

nanomole region [76]. Metals like silver have also played a role in therapeutic drug research 

space as in the case where gallic acid-coated silver nanoparticles were used as drug carriers for 

doxorubicin [77]. Silver NPS are also capable of detecting uric acid, lidocaine hydrochloride, 

Thiamine, Lomefloxacin and Propafenone in urine samples with detection limits in the 

micromolar per litre range [78-82]. MNPs are showing increased value in pharmaceutical 

research and will grow our understanding of therapeutic agents as future work is published.  

 

1.2.3 Graphene based nano-sensors and applications 

In the past decade, the fabrication of sensors and biosensors has improved with the 

incorporation of graphene as a scaffolding material. The chemical and physical properties of 

graphene such as high surface-to-volume ratio, electrical conductivity, optical transmittance, 

thermal conductivity, and high mechanical strength give the nanomaterial a considerable edge 

over most materials in sensing applications [83]. Furthermore, due to the sp2 hybridization of 

carbon bonds, graphene is easily modified with various chemical and biochemical agents making 

it a material with versatile applicability. Graphene is usually used in its oxygenated form, known 

as graphene oxide (GO) as well as reduced graphene oxide (rGO) for research work that 

investigates hydrophilic molecules [84]. The figure below shows the molecular shapes of 

Graphene, GO and rGO. 

 
Figure 1.5: Chemical conversion of graphene-to-graphene oxide (GO) and reduced graphene oxide (rGO).[84] 

 

Graphene is synthesized using various methods such as the Hummers method, exfoliation or 

mechanical cleavage of graphite and chemical vapor deposition [84]. To obtain GO, strong 

oxidizing agents such as sodium permanganate and sulphuric acid are reacted with graphite or 

graphene to produce hydroxyl (OH) and carboxylic acid (COOH) functional groups on the surface 

of the substrate. The oxygen content on GO is reduced using photochemical, microwave and 

bacterial methods to produce reduced graphene oxide. GO and rGO offer extra properties 

suitable for chemical and biochemical sensor applications. [84] Adsorption of drug molecules, 
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anticancer medication, polymers, proteins, genes, and other biomolecules is possible using GO 

and rGO because the OH and COOH groups allow easy conjugation bonding. Electrostatic 

interactions using the oxygen lone pair of electrons, pi-pi stacking via the aromatic rings, 

hydrogen bonding and van der Waals forces are the various mechanisms by which GO and rGO 

absorb materials onto their surfaces [85]. Figure 1.6 below shows the adsorption of the protein 

BSA on rGO nanosheets. 

 
Figure 1.6:Synthesis and application of rGO as a DOX drug carrier. [86] 

 

 The image above shows the synthesis of rGO from graphite oxide for the intention of delivering 

anti-cancer medication DOX supported by the protein BSA. The scaffolding material is then 

investigated using optical methods to release the DOX from the adsorption site [86]. Similar work 

is available in different research applications where a combination of graphene members, 

crosslinkers and analyte recognition elements are combined for targeted drug delivery. For 

example, amino acid functionalized iron oxide nanoparticles adsorbed on graphene sheets, were 

used as a sensor for dopamine and ascorbic acid detection [87]. Secondly, GO functionalized with 

platinum nanoparticles was explored as a chemical sensor for glucose at concentrations in the 
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millimolar range [88]. Chitosan functionalized GO used in the controlled release of the anti-

inflammatory drug Ibuprofen [89]. In the next section more examples of graphene sensor are 

discussed, taking into consideration the detection methods and parameters used to classify the 

efficiency of a chemical sensor. 

 

1.3 Detection methods and sensing techniques 
Adsorption of the analyte to the sensing material is a crucial element of a sensor, as explained in 

section 2, the chemical properties of the sensor and the analyte need to be compatible for the 

adsorption to occur. A second and equally important characteristic of a sensor is the detection 

method employed to produce a reliable and reproducible signal. There are currently various 

methods used for the chemical sensing of pharmaceuticals, each of which has its own advantages 

and disadvantages. In this section, we explore electrical and optical detection methods, 

comparing their sensor performance using parameters such as limit of detection, linear range, 

and other additional information.  

 

1.3.1 Electrical detection methods 

The electrical potential of a chemical agent has been investigated as a means of quantifying 

changes in concentration or molecular bonding because of interaction with an analyte. Electrical 

signals such as resistance, capacitance, conductance, and impedance are the ones used to study 

the thermodynamic and kinetic properties of the analyte [90]. Furthermore, electron exchange 

between oppositely charged species in redox reactions produces a signal that can be used as a 

sensing mechanism. Many nanoparticle scaffolds, conjugates and analyte recognition elements 

have been coupled with electrochemical detection using surface functionalized electrodes [91].  

 

1.3.1.1 Field Effect Transistor (FET) based detection method 

Field Effect Transistors are devices that use an electric field to control the flow of current in a 

semiconductor. In a typical FET system, source (S) and draining (D) electrodes are connected to 

a semiconductor path that is functionalized with sensing elements for high specificity and binding 

affinity. When target analytes are detected, a change in channel conductance is recorded and 

processed to acquire an electrical signal. There are two kinds of FETs based on the PN junction 

theory: n-type where electrons are the main charge carriers and p-type with holes as the primary 

charge carriers. In an n-type FET system, positively charged molecules are detected and charge 

carriers (electrons) accumulate on the sensing channels and increase the signal. However, when 

negatively charged targets are detected, the conductivity decreases caused by depletion of the 

electrons. The second type is a p-type FET system, which binds to positive charges causing a 

decline in conductivity decline due to a reduction of the charge carriers (holes). The inverse 

occurs when capturing negative charges raises because conductivity of holes increases. 
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Application of this principle allows improved detection by coating nanomaterials like carbon 

nanotubes, graphene, MNPS on the electrodes and the sensing platforms [92]. In this way, 

biosensors can be designed for various pharmaceutical and therapeutic drug related work. Figure 

1.7 below shows a FET sensor used in the detection of glucose oxidase using a graphene 

biosensor. 

 

 
Figure 1.7:Illustration of a FET system for glucose detection using a graphene-based platform. [93] 

 

In figure 1.7, graphene is used as a high electrical conducting platform which changes the current 

on both the source and the drain electrodes when a substance absorbs on its surface. In this case, 

glucose oxidase enzyme (GOD), is used together with a crosslinker molecule to detect changes in 

conductance when glucose binds to the enzyme [93]. Other applications of FET sensors for 

various pharmaceutical agents have been published. Zinc oxide nanoribbons were used as 

transducer materials for the detection of glucose in phosphate buffer solution (PBS) and a LOD 

of 70 µM and linear range of 0- 80 mM was reported [94]. In another study, Insulin was analyzed 

in PBS on graphene transducers with detection limits at 35pM [95]. Although FET devices offer 

high sensitivity, selectivity, miniaturization and low power use as advantages, dielectric 

membranes are sensitive to motion, which affects the accuracy of detection. Lastly, because FET 

uses biomarkers, it is not regarded as a label free method, which affects the applicability of this 

technique due to cost implications [96]. 

 



32 
 

1.3.1.2 Electrochemical detection methods  

Electrochemical detection involves the use of functionalized electrodes for the detection of 

target analytes and signal transduction. Like FET devices, electrochemical methods translate 

binding affinities into readable electrical signals. The difference between the two methods is that 

electrochemical techniques require the use of an electrolyte solution as a conducting medium 

instead of solid-state transducers found on FET devices [97]. Figure 1 below shows a general 

schematic of an electrochemical system. 

 
Figure 1.8:Schematic of synthesis and application of a glycan electrochemical sensor. [97] 

 

Figure 1.8 above shows how an electrochemical sensor is prepared and used in detection 

experiments. From position a) A glass-based carbon (GCE) electrode was functionalized with gold 

nanoparticles followed by thioglycolic acid and lectins (b-c), while simultaneously blocking 

nonspecific adsorption to the electrode using BSA (d). Lectin-Au-thionine bioconjugates were 

adsorbed on the electrode as recognition elements(e). Finally, the electrochemical apparatus is 

assembled and utilized to produce a signal of intensity (amperes) versus electric volts(f) [98].  

Systems like these have been designed for a wide range of applications of pharmaceutical and 

therapeutic targets. For example, studies have shown the detection of dopamine using graphene 

functionalized with PVP as the sensing platform on the GCE. The study reported a LOD of 0.2 nM 

and a linear range up to 10-10 with a r2 of 0.99 [99].  Research on cholesterol was also undertaken 

using chitosan, graphene hybrid nanocomposites, reaching an LOD of 0.75 µM and a linear range 

of 2.2-520 µM [100]. Furthermore, extensive research into antineoplastic drugs using 

electrochemical sensing has been explored. Flutamide detection by silver coated GCE produced 

LOD (mol L-1) in the 10-6 and a linear range of 1-100x 10-5(mol L-1) [101]. In a similar study, 

Gemcitabine was detected and analyzed using amino thiophenol functionalized gold 

nanoparticles where LOD was in the 10-15 and a linear range of 10-8 to 10-15 (mol L-1) [102].  The 
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use of electrochemical sensing is clearly a prominent field of study, and its success can only bring 

more advantages for chemical sensing related to a variety of pharmaceutical drugs. Although the 

LOD and linear range of this method are extremely sensitive, the short lifespan is still a limitation 

and as such [103], other techniques have been approached to solve this issue.  

 

1.3.2 Optical detection methods 

A key future of molecules is the ability to investigate them by focusing on a response after 

interaction with light photons. As such, a lot of research has been channeled towards using 

optical methods for detecting and collecting information on analytes adsorbed on nanomaterial 

scaffoldings or sensors. Nanomaterials carry the property of surface plasmons which aid in the 

detection method of the techniques [104]. Thus, in this section, we discuss popular plasmon-

related methods used in pharmaceutical drug applications. 

 

1.3.2.1 Surface Plasmon Resonance spectroscopy 

Surface plasmons found on the surface of a nanomaterial can be used for trace detection and 

monitoring of small molecules using changes in refractive index as a signal in real-time. In 

principle, when light photons approach a nanomaterial like gold NPs at an angle, a refractive 

index can be obtained from the plasmon wave and set as a calibration point. When the MNP is 

functionalized with polymers, recognition elements and analyte, changes in the refractive index 

are then recorded again and compared. Since the refractive index is related to the surface of the 

substrate, changes in the refractive index can also be correlated to binding affinities and used in 

medical diagnostics, drug detection and virus monitoring, amongst other applications [105]. 

Figure one below shows the principle of SPR and how it is used in biomedical applications. 

 
Figure 1.9:Schematic of SPR configuration used in the detection of glycan. [106] 
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Figure 9 above shows the principle of SPR used in protein detection applications. From left to 

right, a glass slide is seen coated with layers of gold (Au) and Alkanethiol (green) using the self -

assembly method. In the second step, lectins are used as biorecognition elements for the 

detection of glycans. The third step follows with glycan functionalized nanoparticles adsorbed to 

the surface through binding with the lectins on the SPR scaffold. At each step, laser light is 

directed to the biosensors and changes in the refractive index in relation to the binding of 

molecules [106]. Examples of SPR applications can be seen in a wide range of biomedical and 

pharmaceutical experiments. Studies have shown the diagnosis of malignant and infectious 

diseases using the biomarker Rhodamine 6G and SPR detection [107]. In industrial applications, 

Aflatoxin, a small toxic molecule found in dairy products was detected at LOD values of seventy-

six pM using a silicon photonic biosensor [108]. Smartphone platforms are also being 

incorporated into SPR detection where 50nm gold nanofilms are used for sensing immunoglobin 

G (IgG), producing LOD values between 15-47 nM [109]. Silver nanospheres and nano rods on 

titanium oxide substrates were used for the detection of Streptavidin, obtaining a LOD value of 

0.3 µg/ml using halogen lamp technology [110]. Bromocriptine, a pharmaceutical drug used to 

treat menstrual problems, was investigated using laccase immobilized on a carboxymethyl 

dextran functionalized SPR sensor, where a detection limit of 10-2 ng/ml to 103 ng/ml was 

reported [111]. The values reported above show that the common feature of the SPR technique 

is high sensitivity and rapid analysis. However, SPR has limitations such as long lag times, 

sensitivity to temperature and motion as well as continuous optical alignment and maintenance 

[112].  

 

1.3.2.2 Surface-enhanced Raman spectroscopy (SERS) 

Amongst non-destructive methods of detection, Raman spectroscopy has become a favorite 

method for qualitative experiments because it allows molecular fingerprinting of organic and 

organometallic substances. Light-matter interaction produces scattered radiation which is 

collected at right angles to the surface. The scattered radiation produces different frequencies 

from the laser wavelength due to inelastic scattering caused by photon-molecule interactions. 

Raman shifts expressed in wavenumbers can be correlated to bond fragments of analytes as a 

means of detection. A major limitation of this method is low signal output which is normally 

0,01% of the radiation. To solve this issue, nanomaterials were incorporated into the technique 

by employing surface plasmonic resonance for signal enhancement purposes. Such as, surface- 

enhanced Raman spectroscopy (SERS) has brought renewed interest and trust in SERS as a 

pharmaceutical drug detection method [113]. The figure below illustrates the both the 

fabrication of SERS scaffolds and their application in qualitative analysis.  
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Figure 1.10: Schematic of a carbon-based SERS substrate of various functional groups. (left). SERS spectra of the 
analyte 4-Mercaptobenzoic acid (MBA) adsorbed on the scaffolds (right). [114] 

  

In the above image, a 632.8 nm laser source is exciting a set of carbon-based scaffolds of various 

dimensions and functionality. Gold quantum dots (GQDs, 0D), Carbon nanotubes (CNTs,1D), 

Graphene oxide (GO,2D) and reduced graphene oxide (rGO, 2D) and Gold nanohybrids (GHs, 3D) 

were further functionalized with 4-mercaptobenzoic acid (4-MBA, 10-6M) as the analyte. From 

observation of the Raman spectra, it is seen that vibrational modes are associated with 4-MBA. 

The spectra also show increased signal intensity amongst the scaffolds, with GQDs providing the 

highest intensity. Specifically, the study reports surface enhancement factors of 107 from GQDs 

followed by 106 from GO-Au NPs, which is a significant improvement on the Raman signals 

obtained, making SERS a reliable technique for small molecule detection [114]. More examples 

like the one above has been reported in the literature.  Levofloxacin (antibiotic) was detected 

from artificial urine using hydroxylamine silver nanoparticle microfluidic devices and SERS where 

the quantitative analysis yielded an LOD of 0.07 mM [115]. A similar pharmaceutical study 

quantified Promethazine using the same microfluidic device and detected concentrations as lows 

10-7M [116]. Medication for the treatment of hypertension known as Captopril was obtained 

from human blood and analyzed using SERS and citrate functionalized silver nanoparticles. It was 

reported that an LOD of 0,4 µM was achieved from the quantitative calculations [117]. And lastly, 

the common over-the-counter medication Aspirin, was analyzed on silver nanoparticles 

supported by filter paper, the linear range reported in this study spanned from 0.1 to 1mM [118]. 

The examples shown indicate that SERS is a highly versatile, sensitive, and non-destructive 

detection method, however; issues such as fluorescence noise, long acquisition time, and 



36 
 

unstable lasers still hamper the full potential of this method [119]. With further research and 

optimization, SERS systems will surely improve knowledge of pharmaceutical drug design and 

quality control, which is essential for healthcare reasons.  

 

1.4. Prospects and Shortcomings 
The pharmaceutical industry is one of the pillars of our health systems around the world. 

Research and knowledge dissemination in this field is important for our global health status. This 

review provided a brief overview of technologies used in the detection and analysis of 

therapeutic drugs that are used to treat serious diseases like cancer, hypertension, viruses, and 

tumors. Nanotechnology has made great strides in providing sensor applications for 

pharmaceutical drug design and monitoring. Properties of polymeric, metallic, and carbon-based 

substrates can be fabricated into sensor platforms that allow the adsorption of analytes for 

analysis purposes. Furthermore, electrical and optical detection methods coupled to 

nanomaterials have enhanced sensor application research which is a positive for the 

pharmaceutical industry. Parameters such as limit of detection, linear range and sensitivity show 

improved response towards analytes being investigated. With future research and design, 

challenges related to toxicity, shelf life and API quality can be overcome by improved drug design, 

monitoring, and targeted sensing.  The major limitations observed from this study, start with the 

challenges in reproducing sensing platforms consistently using less expensive methods. Secondly, 

electrical-based detection methods are sensitive to motion, and they struggle to detect multiply 

layered sensors, which makes calibration and label free applications a tedious process. Thirdly, 

optical methods suffer from long acquisition times, laser instability, continuous alignment 

maintenance and fluorescence noise, which requires optimization steps prior to acquisition. 

Technical challenges aside, nanomaterial-based research into pharmaceutical drugs is a very 

important field of science and its understanding can only be improved by more research, 

innovation, and application. 
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2. Methodology 
In this chapter, the methods that were followed during the study are explained from optimized 

experimental procedures that were used to synthesize and apply the chemical sensors. The 

succeeding sections begin with physical vapor deposition (PVD) which was used for coating glass 

substrates with thin metallic layers. Secondly, the chemical functionalization of the coated 

substrates using organic crosslinkers is explained followed by the synthesis of metallic 

nanoparticles for enhanced applications. Thirdly, characterization techniques such as UV-Vis 

spectroscopy, transmission electron microscopy and Raman spectroscopy are reported based on 

their applicability to the study. Lastly, statistical methods that generate information on the 

analytical quality of the study are outlined with emphasis on the mathematical equations relating 

to the calibration and analytical sensitivity and limit of detection of the chemical sensors.    

2.1 Thin layer coating using Physical Vapor Deposition (PVD) 
Physical vapor deposition (PVD) technique is a deposition method that coats thin layer films on 

substrates one atom at a time to produce pristine, smooth platforms [1-2]. The general process 

entails vaporization and atomization of target sources under vacuum, plasma, electrolytic and 

gaseous conditions. The film thickness produced from the process ranges between atomic layers 

to microns [3]. The main benefits of PVD are the structural control of the substrate and strong 

adhesion to the surface upon material deposition. In this manner, substrate properties can be 

altered both physical and chemically to design layers for sensing applications [4]. As a result of 

its continued growth in research and application, PVD contains a variety of sub-techniques that 

are categorized into two main groups: Evaporation and Sputtering [5-6]. In this study, magnetron 

sputtering, and electron beam (E-Beam) evaporation methods were used concurrently to create 

the first few layers of the chemical sensors. These methods were chosen based on the type of 

metal targets that  were available for the coating processes. Figure 2.1 below shows illustrates 

the design of both PVD methods.  

 
Figure 2.1:Schematic of Physical Vapor Deposition methods: A) Magnetron Sputtering, B). E-Beam evaporation.[7] 
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For this study, A Korvex ™ PVD system was used in the coating experiments which were controlled 

using the manufacturer’s software. Using figure 1A as a reference for the sputtering method, an 

argon gas plasma of positively charged ions was created in a vacuum chamber maintained at a 

pressure of 5.00 10-5 bar. A voltage was then applied to a titanium magnetron which directed the 

ions to the surface, causing a high-impact collision resulting in the release of metallic atoms 

towards the substrate [7-8]. The metallic atoms arranged themselves on the substrate while 

being rotated at a constant speed of 30 cycles per minute using the substrate holder. 

Furthermore, a quartz crystal microbalance (QCM) inside the PVD instrument was used to control 

the film thickness with the aid of a profilometer which calibrates the measured thickness using 

tooling factor calculations [9]. For the deposition of gold and silver metals, the e-beam method 

in figure 1B was used. In this technique, a target metal is subjected to a voltage by a filament, 

which causes an increase in temperature that evaporates the metallic atoms towards the 

substate [10]. The QCM was used to control the layer thickness similar to the sputtering method 

while a tooling factor set by the software, is used to correct minor errors in coating thickness that 

may arise from the technical process. Table 1 below is a summary of the deposition experiments 

taken for metal deposition.  

 

Table 2.1: Settings for PVD coating of gold and silver. 
Method Metal Tooling factor Film thickness (nm) 

Sputtering    

 Titanium 250 10 

E Beam    

 Gold (Au) 150 25,50,100 

 Silver (Ag) 150 25,50,100 

 

In the table above, four metals were chosen for producing the first layers of the chemical sensors. 
A Titanium layer (Ti, 10nm) was coated with gold (Au) and silver (Ag) separately, each layer 
consisting of 25-100nm of the metal. The Ti/Au and Ti/Ag combination was done to enforce 
adherence of the precious metals to the surface prior to functionalization with organic 
crosslinkers.  

2.2 Metallic nanoparticles for surface enhancement. 
Surface modification using nanomaterials was used in this study to support the adsorption of the 

analytes to the chemical sensor and to provide chemical signal enhancement [11]. Furthermore, 

such an approach allows the designing of substrates capable of adsorption towards the analytes 

via intermolecular forces. As such, two benchtop techniques; chemical reduction, and the self-

assembly method (SAM), were selected to fabricate metallic nanoparticles and use them to 

chemically functionalize the coated samples from section 2.1. The chemical reduction method 

used to synthesize the metallic nanoparticles (MNPs) follows three key steps: reduction of metal 

salts using a reducing agent, stabilizing the ionic mixtures and lastly control of the size distribution 

using a capping agent [12-15].  The newly formed MNPs are then used to coat the thin metallic 

films using the self-assembly method. In SAM, molecules from the surrounding media that is the 
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MNPs are chemisorbed or physiosorbed onto the surface embedded in the solution [16]. In this 

manner, the nanomaterials arrange themselves on the surface via chemical interactions that 

foster the stereochemistry of the adsorption process, forming well-ordered structures of various 

shapes and sizes on the platform. Figure 2.2 below is a schematic of the chemical reduction and 

self-assembly methods used in this study. 

 
Figure 2.2:Schematic of the functionalization process using chemical reduction and the self-assembly method 

 

Two crosslinkers were investigated for this study based on the presence of their functional groups 

which serve as active sites for chemical adsorption.  Sodium citrate tribasic and cysteamine were 

selected because the former contains hydroxyl (-OH) and carboxylate groups (-COO-) while the 

latter possesses amine (-NH2) and possibly thiol groups (-SH) depending on preferred orientation. 

The sections that follow explain the processes undertaken to synthesize MNPs of gold (Au) and 

silver (Ag) using the above crosslinkers as well as the coating steps followed during self-assembly 

on the gold slides. Calculations of the theoretical concentrations are given in the supplementary 

section C1. 

2.2.1 Citrate (Cit) crosslinking metallic nanoparticles of gold and silver on coated slides. 

Citrate stabilized MNPs were prepared using an adjusted version of the Turkevich method [17] 
as follows. For gold/citrate nanoparticles (Au@Citrate), 60 mg of sodium tetrachloroaurate (III) 

dihydrate (NaAuCl4, Sigma: 298174) was dissolved in 125 mL deionized water and brought to a 

boil. Meantime, a 1 % solution sodium citrate tribasic dihydrate (Sigma, 71409) was prepared in 
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deionized water and 12.5 mL of the solution was pipetted into the AuCl4 solution. The reaction 

mixture was stirred vigorously on a heated magnetic stove for 1 hour. The solution turned wine 

red which indicates the formation of gold nanoparticles [18-19]. The chemical reaction for the 

Au@Cit synthesis is explained by the balanced equation below.  

3𝐶6𝐻5𝑂7
−3 + 6𝑂𝐻− + 2𝐴𝑢+3 = 2𝐴𝑢0 + 3𝑂2↑ + 3𝐻2𝑂 

Silver citrate nanoparticles were synthesized using a revised version of the Lee and Meisel 

method [20]. Briefly, 22.5 mg of silver nitrate (AgNO3, Sigma: 101510) was dissolved in 125 mL 

deionized water and brought to a boil. 12.5 mL of 1 % citrate solution was pipetted into the 

boiling solution and stirred for 1 hour. The solution turned yellow-green which indicated the 

presence of silver nanoparticles. The chemical reaction of this process can be explained by the 

equation. 

4𝐴𝑔+ + 𝐶6𝐻5𝑂7𝑁𝑎3 + 2𝐻2𝑂 = 4𝐴𝑔0 + 𝐶6𝐻5𝑂7𝐻3 + 3𝑁𝑎+ + 𝐻+ + 𝑂2↑ 

The Au@Citrate and Ag@Citrate solutions were subsequently analyzed using UV-Vis 

spectroscopy. After spectroscopic confirmation of MNPs, 60 mL of each solution was diluted 1:1 

with water and filtered using a 0.45 µm filter and a 10 mL syringe.  20 mL of the filtered solutions 

were pipetted on petri dishes containing metal-coated slides: Au@Citrate on Au slide and 

Ag@Citrate on Ag. The MNPs were allowed to self-assemble on the substrates overnight and 

then subsequently rinsed with water to remove unbound MNPs. The slides were dried under 

vacuum for 3 hours prior to analysis with Raman microscopy. 

2.2.2 Cysteamine (Cys) crosslinking metallic nanoparticles of gold and silver on coated slides. 

For Au@cysteamine MNPs, 400 μL of 0.213 M cysteamine hydrochloride and 40 mL of 1.40 mM 

HAuCl4 were mixed in a 100 mL glass bottle. The mixture was stirred for 20 min at room 

temperature in the dark. 10 mL of freshly prepared NaBH4 solution (10 mM) was then quickly 

added into the above aqueous solution under vigorous stirring, and the mixture was further 

stirred for 30 min at room temperature in the dark. The resulting wine-red solution was filtered 

by 0.45 μm Millipore membrane filter and stored in the refrigerator (4 °C) before use [21]. The 

reaction equation for this synthesis is as follows: 

𝐻𝐴𝑢𝐶𝑙4 + 3𝐻𝑆(𝐶𝐻2)2𝑁𝐻2 = 𝐴𝑢(𝑆(𝐶𝐻2)2𝑁𝐻2)3 + 4𝐻𝐶𝑙 

In the case of Ag@cysteamine MNPs, a 30 mL portion of 0.2 mM sodium borohydride (NaBH4) 

was taken in an Erlenmeyer flask fitted with a magnetic stir bar and placed in an ice bath with 

constant stirring for 20 min. In another flask, 20 mL of 0.1 mM AgNO3 solution was placed in an 

ice bath and 3 mL of 0.3% of cysteamine hydrochloride was mixed with it. Then cold NaBH4 

solution was added to it dropwise at a very slow rate until the solution became vivid yellow. The 

flask containing yellow Ag-Nps was removed from the ice bath and was allowed to come at room 

temperature with constant stirring. The solution was centrifuged and washed several times with 

dionized water [22]. The reaction for the above process is described by the following equation: 

𝐴𝑔𝑁𝑂3 + 𝐻𝑆(𝐶𝐻2)2𝑁𝐻2 = 𝐴𝑔(𝐶𝐻2)2𝑁𝐻2 + 𝐻𝑁𝑂3 
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2.3 UV-Vis spectroscopy of metallic nanoparticles. 
A Thermofischer Nanodrop 2000 instrument was used to analyze the metallic nanoparticles 

(MNPs) from section 2.2. The instrument sample holders were cleaned with 70% ethanol prior to 

calibration by blanking with water. Each metal (MNP) was treated separately as a group to 

compare the two crosslinkers used: citrate (1) and cysteamine (2). The MNP solutions were all 

diluted 1 in 100 prior to analysis.  10 µL of the analytes was pipetted on the sample holders as 

follows: blank solution (water), reference solutions (crosslinker 1&2), MNP 1, MNP 2. The 

instrument was set on UV-Vis mode and the measurements were acquired in triplicates. The data 

obtained was exported and plotted on Microsoft excel for analysis [23] 

2.4 Characterization of functionalized MNPs using Transmission Electron 

Microscopy. 
A JEOL JEM 2100 High-Resolution Transmission Electron Microscope was used to analyze the 

synthesized nanomaterials from section 2.2 as follows. A drop of the nanoparticle sample was 

placed into a Cu grid and allowed to adsorb it for +- 3 minutes. They were then allowed to dry for 

a few minutes and placed in the sample holder.  Analysis was conducted using a focal length of 

2.7 mm, 1500x magnification and a resolution of 0.5 nm. The images were processed using 

ImageJ software where 100 particle sizes were recorded and used to plot frequency distribution 

graphs to determine the particle size distribution [24].  

2.5 SERS analysis of ARVs on functionalized chemical sensors. 
As mentioned in chapter 1, Raman spectroscopy provides and inherently weak signal which is 

overpowered by the laser source. Many efforts have been explored to overcome this limitation 

and to produce higher Raman signals, one such approach being surface-enhanced Raman 

spectroscopy (SERS) [25]. This method incorporates nanomaterials as support structures that 

amplify the Raman signal [26–30] to achieve improved sensitivity, detection limit and 

enhancement [31]. Figure 3 below is a schematic representation of the surface enhancement 

sensor platform with the major components labelled in the image. 
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 Figure 2.3:Schematic of surface enhancement platform for Raman spectroscopy. 

 

Although the exact mechanism of SERS is still under discussion, it is widely accepted that the 

surface enhancement effect arises from two processes: electromagnetic and chemical 

enhancement [32-33]. In the case of electromagnetic enhancement (EM), the SERS effect occurs 

from the interaction between the incident laser photons and the surface plasmons, which are 

the collective oscillating frequencies of the conducting electrons found on the surface of the 

metallic nanostructure [34-35]. As seen in figure 2.3, the efficiency of this method relies on the 

distance between the analyte and the metal nanoparticle (MNP) where, a “hotspot” is created 

by the nanoparticle and the laser beam which together, amplify the analyte signal in the vicinity 

[36-37]. The chemical enhancement model (CM) employs molecular interactions such as covalent 

bonding, charge-selective mechanism, hydrophobic interactions and -stacking between the 

analyte and the NP to increase the Raman cross-scattering area, thereby improving the Raman 

signal intensity. In this study, ARV medication Tenofovir (TDF), Lamivudine (LAM) and 

Dolutegravir (DLG) were kindly supplied by Aurogen ™ pharmaceuticals. Each sample was 

dissolved in 20 ml deionized water and subsequently diluted 0; 0.001; 0.01; 0.1; 1; 10 mg/ml. 

Water and crosslinker stabilized MNPs on metal-coated glass were used as the blank and 

reference for the glass and the sensor respectively. 20 µL of each sample was placed on the 

sensing platform to cover an area of and allowed to dry under vacuum prior to signal acquisition. 

Thereafter, a Raman map was obtained from one hundred points acquired using 12 mW power, 

10x magnification, 200 µm slid width, 10 seconds per scan, and averaged at 3 scans per point. 

The data was saved for further processing using statistical methods. 
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2.6 Statistical evaluation of ARVs using SERS.  
Raman bands arising from the anti-HIV medication were selected and evaluated using statistical 

methods with the aim of comparing, calibration and analytical sensitivities and limit of detection 

for selected functional groups present. Each of the above parameters was evaluated using their 

corresponding mathematical equations that are well-published in literature.  

The calibration sensitivity was calculated from plotting the peak area against the sample 

concentration. A linear equation was derived from the plot along with a R2 values which were 

used to determine the quality of the fit. The resulting equation was  

                                                                    𝑆 = 𝑚𝑐 +  𝑆𝑏𝑙                                                                            (1) 

where S is the signal (peak area), m is the slope or calibration sensitivity and Sbl is the signal from 

the blank sample. The calculations began with recording the standard error of the mean sm for 

each selected peak provided by the instrumental software and using that value to calculate the 

standard deviation s using the following equation where N is the number of replications for each 

sample group 

𝑠 =
𝑠𝑚

√𝑁
 

 The calibration sensitivity and the standard deviation values were used to calculate the analytical 

sensitivity as follows 

𝛾 = 𝑚/𝑠𝑠 

where m is the slope from equation 1 and ss is the standard deviation of the measurements. The 

limit of detection was determined by using the average values of the blank signal 𝑆𝑏𝑙  and the 

corresponding standard deviation sbl with a standard multiple k (valued at 3) using the equation. 

𝑆𝑚 = 𝑆𝑏𝑙    + ksbl 

The slope from equation 1 is then used to determine cm, the lowest detectable concentration or 

limit of detection from the equation. 

𝐶𝑚 =
𝑆𝑚 − 𝑆𝑏𝑙

𝑚
 

From these equations, comparisons between the API and API were made possible to determine 

the efficiency of the sensors across the analytes [38] .  
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3. Results 
In this chapter of the study, the outcomes of the experiments using the methods described are 

reported. Firstly, the chemical sensors fabricated by physical vapor deposition, chemical 

reduction and self-assembly are characterized using spectroscopy and microscopy techniques 

where the morphology and molecular properties of the sensors are explained based on the 

Raman spectroscopic data. Secondly, HIV medication Tenofovir (TDF), Lamivudine (LAM) and 

Dolutegravir (DLG) in API form are tested using Surface-enhanced Raman spectroscopy (SERS) 

supported by the fabricated chemical sensors of gold and silver motif. Lastly, statistical analysis 

of the data is explained with a specific focus on calibration and analytical sensitivity and limit of 

detection. All data presented were subjected to background subtraction. 

3.1 Characterization of chemical sensors using UV-Vis spectroscopy and 

Transmission Electron Microscopy. 

3.1.1 UV-Vis spectroscopy of gold and silver nanoparticles 

Samples synthesized in section 2.2 were tested using UV-Vis spectroscopy to characterize their 

adsorption bands to confirm the presence of nanoparticles in the crosslinker solutions. Figure 3. 

1 shows the UV-Vis spectra of gold and silver nanoparticles after chemical reduction. 

 
Figure 3.1:UV-Vis spectra of gold (A) and silver (B). 

 

The UV-Vis spectra in figure 3.1 show gold nanoparticles (A) stabilized by crosslinkers citrate (red) 

and cysteamine (yellow). The blue line is citrate crosslinked nanoparticles of gold (Au@Cit) while 

the maroon line is the cysteamine counterpart (Au@Cys). These bands are characteristic of gold 

at a wavelength of 520 nm [1-2]. In figure 1B, two large bands of silver nanoparticles are observed 

with the green line representing cysteamine stabilized Ag@Cys samples and the bronze band 

assigned to the silver citrate Ag@Cit.  A large absorbance at 440 nm is seen for Ag@Cit which is 

characteristic of silver nanoparticles, as further confirmed by the Ag@Cys below that is in the 

same absorbance range but lower in absorbance [3-4]. Detection of the gold and silver bands was 

a confirmation of functionalized nanoparticles in the crosslinker/stabilizer solution. Peak shifting 
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because of changes in chemical functionality was not clear in this data however, experiments 

with Raman spectroscopy will provide a detailed report on the molecular properties of the 

nanoparticles [5]. In the next section, samples were tested using TEM for further characterization 

prior to Raman microscopy. 

3.1.2 Transmission Electron Microscopy of gold and silver nanoparticles. 

The nanoparticles produced by chemical reduction methods were evaluated using TEM to 

observe the morphology and particle size distribution. These properties play a key role in the 

signal enhancement process of the chemical sensor because they affect the behavior of the 

surface plasmons which transfer energy to the adsorbed analyte [6-8].  Figure 3.2 below is a 

group of images that display nanoparticles of citrate with gold and silver. 

 
Figure 3.2:TEM images and size distribution of nanoparticles: Au@Cit (A-B), Ag@Cit(B-D) 

 

Figure 3.2 above shows the morphology and particle size distribution of gold and silver 

nanoparticles stabilized by citrate. In 2A, the Au@Cit shows spherical and oval morphology 

ranging from 10-40 nm with predominately 30 nm sizes at 25 % frequency. The Ag@Cit data 

shows a mixture of spherical and oval shapes within a 10-50 nm range, where 20-30 nm sizes 

contribute the most at 16% frequency. These results also show that the Au@Cit is mostly smaller 
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in size distribution than Ag@Cit with its largest size at 40 nm with less than 15 % frequency while 

the latter contained particles of 45-50 nm in size with over 10 % frequency. This was important 

to note because signal enhancement is also size-dependent [9-11].  Figure 3 below shows the 

results from experiments conducted on gold and silver nanoparticles stabilized with cysteamine.  

 
Figure 3.3:TEM images and size distribution of nanoparticles: Au@Cys (A-B), Ag@Cys(B-D). 

In figure 3.3 above, nanoparticles of gold and silver are depicted with their size distribution seen 

as histograms on the right. For Au@Cys, the nanoparticles show a spherical to the oval shape of 

and a size distribution of 5 to 40 nm dominated by particles of 25 nm at a frequency of 17%. On 

average, the Au@Cys distribution is smaller than the citrate counterpart with its largest 

frequency contribution of less than 18 % compared to the 22% of citrate. For the Ag@Cys sample 

group, the size distribution spans from 5 to 50 nm with the most input seen in the 25-35 nm 

range at 16%. Again, with silver nanoparticles, the largest size reached was 50 nm with 45 nm 

providing over 12 % of the frequency. In addition, the gold-based nanoparticles seem to have no 

contribution from particle sizes of over 40 nm using both crosslinkers, this observation aligns with 

larger UV-Vis absorption bands found on silver samples compared to gold. The explanation for 

these results can result from a higher yield of nanoparticles from silver, supported by the broad 

UV band of the metal, which according to Beer Lambarts law, is dependent on concentration.[12-

14]. Due to the disparity in particle size, a consistent evaluation of the nanoparticles in the laser 
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focal could not be determined at this point. In the next section, Raman microscopy of these 

nanoparticles post self -assembly is reported. 

3.2 Raman microscopy of fabricated chemical sensors 

3.2.1 Citrate/Gold and Citrate/Silver. 

The gold and silver coated slides from section 2.2 were functionalized with Au@Cit solution to 

functionalize the surface with hydroxyl (-OH) and carboxylate functional groups (-COO-). This step 

was necessary to create conditions for intermolecular forces between them and the ARV analytes 

The results below show the differences between the citrate tribasic nanoparticles on gold, and 

silver layers. Figure 3.4 below is a microscopic analysis of the gold coated surfaces before and 

after coating with nanoparticle coating. 

 
Figure 3.4:10X Microscopic images of gold coated glass (25-100nm) before and after chemical modification with 
Au@Cit . A) 25 nm (plain), B) 25 nm, C) 50 nm, D) 100 nm. 
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Figure 3.4 shows the morphology of MNPs on gold coated surfaces of different layers. Figure 3.4A 

is a 25 nm gold coated before the nanoparticles were coated by the self-assembly method for 

comparison. When the metal surfaces are coated with Au@Cit solution, a new layer of coating is 

observed with the presence of debris visible at varying degrees. Furthermore, the reflection from 

the metal surface increases intensity as the layer thickens from 25 to 100 nm (B-D) using the 

same microscope settings. These differences from the control were sufficient to conclude that 

the physical adsorption of the MNPs was successful. Inspection of the molecular properties of 

the samples was performed using Raman spectroscopy to confirm the presence of MNPs on the 

surface using the vibration bands of citrate. Figure 5 below is a Raman overlay of spectra that 

compares the different layers of gold coated with Au@Citrate solution. For each sample, a map 

of 100 spots was acquired using a 6-mW laser power, 532 nm wavelength, magnified using a 10X 

objective, with a scanning time of 3 accumulations at 1 second per scan. The image of the 

sampling map which applies to all Raman experiments as well as the Raman spectrum of citrate 

powder is provided in the supplementary section as figure S3 and S4 respectively. 

 
Figure 3.5:Raman spectra of gold thin films coated with Au@Cit. Top-bottom: 25 nm (yellow) 50 nm (purple) and 
100 nm (red). 

 

The Raman spectra in figure 3.5 above show the Raman bands obtained from citrate on the gold 

coated surfaces. From left to right, an in-plane vibration is observed in the region 525-530 cm-1 

for all three samples. A strong peak arising from the stretching mode of the alpha carbon bonded 

to the carboxylate (CCOO-) appears at 846 cm-1, which is a blue shift from the reference value of 

842 cm-1 which indicates molecular interactions between the functional group and the metal 
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surface.  A similar vibration for the CCOO- bonds are seen between the 900 and 1070 cm-1 region. 

A red shift in this region is present, and it implies there has been an interaction between the 

metal and the negative carboxylate ion, which decreased the frequency of the mode. Further 

down the spectra, a sharp peak assigned to the carboxylate ion is observed at 1444 cm-1 

supported by the presence of carbon hydrogen bonds in the same region [15-17]. A weak peak 

around the 1600 cm-1 region was detected and suspected to arise from a carboxylate ion forming 

a carbon double bond while in a state of resonance. At the far end of the spectra, alkyl bonds 

between carbons and hydrogens appear as sharp double peaks in the 2900 cm-1 region while a 

hydroxyl functional group appears as a weak peak at 3200 cm-1. The red shift seen on the hydroxyl 

peak implies hydrogen bonding with the metal surface via the oxygens of the citrate and the 

hydrogens of the analyte. The largest shift in this regard was found at50 nm, which implies the 

most interaction and bond strain [18-19]. Overall, the samples displayed a blue shift character 

when compared to the powder and table 1 below summarizes the peak signals obtained from 

comparing the three gold layers [20]. 

Table 3.1:Raman bands of Au@Cit on gold nanothin layers.  

 
v= stretching, vs= symmetric stretching, δ=deformation, vas= asymmetric stretching. [20],[21]   

For silver coated samples, microscopic images were acquired and analysis in terms of 

morphology. Raman data were also collected using the same parameters optimized for the gold 

samples. Figure 5 below shows the 10X magnification images of the silver samples with citrate 

compared with the plain silver slide.  
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Figure 3.6:Microscopic images of silver coated glass (25-100nm) before and after chemical modification with Ag@Cit. 
A) 25 nm (plain), B) 25 nm, C) 50 nm, D) 100 nm. 

  

In figure 3.6, the Ag@Citrate coating was compared with the silver coated slide shown in figure 

6A. The morphology changes when Ag@Cit is added to the 25,50 and 100 nm silver samples 

which are labelled as figure 6B-6D respectively. The silver samples showed a similar morphology 

across the different layers where dark spots are visible on the coated substrates surrounded by 

rod-like structures with the metal layer seen in the empty spaces. The debri-like imagery on the 

gold substrates was not observed on the silver probably due to the oxygenation character of 

silver when exposed to the atmosphere. Raman data was acquired from the silver samples to 

analyze the surface morphology from a molecular aspect. Figure 7 is a Raman comparison of the 

citrate on the 25, 50 and 100 nm layers of silver.  
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Figure 3.7:Raman spectra of silver thin films coated with Ag@Cit. Top-bottom:25 nm (blue), 50 nm (green) and 100 
nm (red). 

The spectral overlay above shows the Raman bands of Ag@Citrate obtained from silver nanothin 

films. The in-plane vibration of the carboxylate was observed at 598 cm-1 for all the layers, which 

is a sign of blue shift or bond shortening because of interaction with the metal. A red shift was 

noted at the carbonyl bond of the carboxylate at 951 cm-1 for the 50 and 100 nm layers while the 

25 nm sample was 955 cm-1 [21]. This redshift is a consequence of the layer increase, which allows 

more interaction between the crosslinker and the metal [22]. A similar red shift observation was 

made at 1400 cm-1 region where the strong stretching of the carboxylate exists. The hydroxyl 

groups in the citrate molecule showed a mixture of red and blue shifts when compared to the 

powder reference. Firstly, the 1580 cm-1 band caused by the deformation of the functional group 

blue-shifted on the 100 nm layer, implying bond shortening because of the intermolecular 

interaction with the metal [23]. Similarly, the stretch mode of the hydroxyl remained blue-shifted 

on the 50 nm in the 3200 cm-1 regions while the 20 and 100 nm cm-1 layers redshifted; the mixed 

response is unclear in terms of molecular interactions. Table 3.2 below summarizes the peak 

profiles obtained for Ag@Cit on silver monolayers.  
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Table 3.2:Raman bands of Ag@Cit on gold nanothin layers.  

 
v= stretching, vs= symmetric stretching, δ=deformation, vas= asymmetric stretching, [20],[21] 

In order to determine the optimum layer thickness to be used for future experiments, selected 

Raman band regions 800-900 cm-1 and 1400-1450 cm-1 and their peak areas were compared 

against layer type and thickness. Figure 8 is a histogram of the three groups expressed as peak 

areas. 

 
Figure 3.8:Histogram of Raman peak areas for citrate on gold and silver. A) C-COO (800-900 cm-1) B) COO (1400-
1450 cm-1). 

The histograms in figure 3.8 above depict the signal response from citrate functional groups from 

self-assembled nanoparticles on the coated substrates. In figure 3.8A, the alpha carbon bond 

found at 800-900 cm-1 is analyzed where the Ag@Cit was seen to dominate the peak area 

response across layer thickness 25-100 nm compared against gold. As a group, the peak area also 

increases with layer thickness, which implies some contribution from the metallic layers coated 

on the glass using PVD to improve the signal. The same trend was observed on the COO bond of 

the carboxylate found in the 1400 cm-1- 1450 cm-1 region where the silver values far exceed the 

gold, which can be further be explained by the nanoparticle distribution and the metal yield, 

where signal enhancement is more probable on the larger nanoparticles by comparison. 

Furthermore, the narrow bands and blue shifting seen on gold compared to the broad band, and 

red shift character seen on silver, indicates some influence by the metal substrates on the 

crosslinker. From a molecular aspect, the carboxylate ion is one of the ways the citrate crosslinker 
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can stabilize the nanoparticles by engaging in chemical bonding with the metal, where signal 

improvement arises where there is the greatest number of nanoparticles. Because of these 

reasons, silver peak areas are more pronounced than gold on citrate. The 50 nm layer thickness 

was chosen as the optimum MNP/crosslinker combination because with both functional groups, 

it showed an intense signal compared to the 25 nm, layers while a layer thickness of less than 

100 nm is desired if a good signal is still achieved. In the next section, a comparison of gold and 

silver with cysteamine is conducted using Raman microscopy. 

3.2.2 Cysteamine/Gold and Cysteamine/Silver. 

The gold and silver coated slides from section 2.2 were functionalized with Au@Cys to observe 

the interaction of the amine and thiol functional groups with the gold metal. Microscopic images 

were taken at 10x magnification for comparison before and after functionalizing with cysteamine 

crosslinked nanoparticles. Figure 3.9 below shows images from gold coated substrates. 

 
Figure 3.9:Microscopic images of gold coated glass (25-100 nm) before and after chemical modification with 
Au@Cys. A) 25 nm (plain), B) 25 nm, C) 50 nm, D) 100 nm. 
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Figure 9A is a 25nm gold slide which serves as a reference of the morphology before 

functionalization. Figure 9B depicts a 25 nm gold surface coated with cysteamine and imaged at 

10x. Similarly, figures 9C and 9D show 50 nm and 100 nm gold layers after modification with 

cysteamine. The images of the 25 nm sample show a layer of coating with spherical components 

and debris reflected by the gold surface. The spherical particles are reduced substantially at 50 

and 100 nm with the thicker layers displaying a darker appearance compared to the 25 nm. A 

Raman map of each ROI was taken with the parameters outlined for the citrate experiment 

(section 3.3.1). The averaged spectra of the three samples were evaluated in terms of spectral 

content and molecular bond shifts. Figure 3.10 below is a Raman overlay of the three gold layers 

depicted above, post functionalization with Au@Cys. 

 
Figure 3.10:Raman spectra of gold thin films coated with Au@Cys. Top-bottom 25 nm (blue), 50 nm (green) and 100 
nm (purple). Molecular structure of Cysteamine (insert). 

 

The figure above shows the band profile for cysteamine stabilized gold nanoparticles absorbed 

on gold coated slides of 25, 50 and 100 nm thickness. A spectrum of cyteamine powder which 

was used to compare the peaks is provided in the supplementary section (S5).  From this data, a 

strong peak of the disulphide bond in stretching mode was observed at 501 cm-1 on 25 nm and 

50 nm like the powder while the 100 nm showed a blue shift at 504 cm-1. A carbon-sulphur bond 

was detected twice in stretching mode vibrations in the 600 cm-1 to 760 cm-1 regions with a 3 cm-

1 red shift seen for 100 nm. Amine bands contributed in the middle of the spectra region between 
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900 and 1000 cm-1 where the 25 nm layer produced a blue shift while the thicker layers moved 

in the red direction of the spectrum. Carbon bonds of the aliphatic chain were detected in 

stretching mode vibration at 1200 cm-1 followed by a thiol bond stretching mode red shifting with 

an increase in layer thickness. At the end of the spectra, the aliphatic and amine bonds are 

observed in the 3000 cm-1 regions [24]. Table 3 below is a summary of the peaks observed from 

the Au@Cysteamine study. 

Table 3.3:Raman bands of Au@Cys on gold nanothin layers.  

v= stretching, vs= symmetric stretching, δ=deformation, vas= asymmetric stretching. [24]   

The procedure used to obtain the data from gold was used to evaluate silver coated samples 

functionalized with the Ag@Cys. In figure 10 below, a microscope analysis of plain silver thin films 

before and after chemical functionalization is provided. 
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Figure 3.11:Microscopic images of silver coated glass (25-100nm) before and after chemical modification with 
Ag@Cys. A) 25 nm (plain), B) 25 nm, C) 50 nm, D) 100 nm. 

 

Figure 3.11A is a 25nm silver slide which serves as a reference of the morphology before 

functionalization. 3.11B is the 25 nm silver layer coated with Ag@Cysteamine, while 3.11C and 

3.11D show the MNPs adsorbed to 50 and 100 nm silver coatings. The images show a rodlike 

crystal structure with dark spots appearing at random locations. Unlike the gold experiment, rai 

the coatings appear greyish in color with large spacings between crystals and debris. A Raman 

analysis was performed on the samples to determine the molecular characteristics of their 

surfaces. Figure 3.12 below is a Raman overlay of the Ag@Cysteamine on silver thin layers. 
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Figure 3.12:Raman spectra of gold thin films coated with Ag@Cys. Top-bottom: 25 nm (red), 50 nm (yellow) and 100 
nm (blue). Molecular structure of Cysteamine (insert). 

 

The results from figure 3.12 above show a similar Raman fingerprint for cysteamine across the 

three layers, however, differences in spectral quality and peak shifts were observed. For the 25 

nm sample, the disulphide bond arises in the same value as the powder sample at 504 cm-1 while 

the 50 and 100 nm layers gave values of 504 and 506 cm-1 all red-shifted from the powder sample. 

The carbon-sulphur bonds reappeared in stretching mode at 635 cm-1 except for the 50 nm 

sample appearing blue-shifted at 639 cm-1 while its second vibration indication a red shift of 2 

cm-1 on the 25 nm layer only. The primary amine bonds were detected in the 943 cm-1 for the 

powder and the 25 nm sample while a blue shift resulted for the 50 and 100 nm in stretching 

mode. Towards the end of the spectra, aliphatic bonds in stretching mode in a mixture of Raman 

peak shifts while the thiol appeared red-shifted for the 50 and 100 nm in the 2500 cm-1. A 

decrease in wavenumber was also detected from 100 nm to 50 nm for the amine group in the 

3000 cm-1 regions [24].   
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Table 3.4: Raman bands of Ag@Cys on silver nanothin layers. 

v= stretching, vs= symmetric stretching, δ=deformation, vas= asymmetric stretching. [24].    

In order to determine the optimum layer thickness to be used for future experiments, selected 

Raman bands of interesting bond shift and chemical functionality were chosen, and their peak 

areas were compared against layer type and thickness. A histogram analysis was conducted to 

compare the peak areas of the C-S and C-N peaks to elucidate the most prominent molecular 

arrangement of the cysteamine to the metal surfaces and select the most optimized 

metal/crosslinker combination for the adsorption of analytes. The image below shows the peak 

areas with respect to metal type and layer thickness.  

 
Figure 3.13:Histogram of Raman peak areas for cysteamine. A) C-S (620-696 cm-1) B) C-N (920-980 cm-1). 

 

From figure 3.13 above, the C-S bond in 13A shows the peak area increases with thickness for 

gold, with a major change seen between 25 and 50 nm while the latter is in the range of 100 nm. 

Conversely, the silver layers show an increase in peak area for the thinner layers with the 100 nm 

resulting in the lowest value. The reason could be a combination of the layer thickness and the 
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particle sizes whereas seen in section 3.1.2, silver contains larger nanoparticles sizes which could 

affect the stereochemistry of the cysteamine molecule. The 50 nm layers for both metals are 

comparable in value while the 25 and 100 nm layers varied substantially. In the case of XB, the C-

N bond peak areas for gold show a varied response with an increase in layer thickness, with the 

50nm layer producing the largest peak area value. For silver, the randomness is less pronounced 

because 25 and 50 nm layers have the same peak area value range, with 100 nm giving the 

highest value. Between the metals, the 50 nm again shows a comparable range while the other 

layers have a pronounced difference. When comparing both figures, the trend seems to be 

reversed because, in figure 13A, the sensor shows more response from silver at 50 nm, which 

implies a preference for the functional group more on silver than gold at that layer. For figure 

13B, the opposite occurs at 50 nm where the C-N bond is more intense on the gold platform 

compared to silver. In addition, at 100 nm the C-S bond is dominant on gold and substantially 

lower for silver whereas with the C-N bond, the silver is much higher. This difference shows a 

preference for amine bonds at this layer thickness. From the correlations made above, the 50 nm 

layer shows the most consistency in peak area between the two metals while showing unique 

molecular responses towards the selected functional groups. For these reasons, the 50 nm layer 

was chosen for future experiments involving ARV analytes. In the next section, SERS experiments 

are conducted on ARV medication in API form using chemical sensors.  

 

3.3 SERS analysis of APIs on citrate-based chemical sensors 
Samples of active pharmaceutical ingredients (API) of ARVs prepared in section 2.5 were tested 

using MNP based chemical sensors; gold citrate (Au@Cit/Au) and silver citrate (Ag@Cit/Ag). The 

APIs used in this study consist of Tenofovir (TDF), Lamivudine (LAM) and Dolutegravir (DLG). The 

aim was to determine changes in molecular behavior in the form of peak shifting because of 

chemical interactions with the sensor. The spectra were compared against values obtained from 

powder samples which were used to prepare the solutions, the spectrum for which is supplied in 

the supplementary section. The data from the spectra were further processed to determine the 

calibration sensitivity, analytical sensitivity, and limit of detection of Au@Citrate and Ag@Citrate 

chemical sensors. 

3.3.1 Tenofovir on citrate based chemical sensors. 

TDF experiments were carried out on the glass and the two citrate sensors to compare changes 

in peak characteristics. Raman spectra of five concentrations of TDF ranging from 0.001- 10 

mg/ml were dried on glass, Au@Cit/Au and Ag@Cit/Ag.  Figure 14 below is a spectral overlay of 

TDF on the glass substrate. The spectrum for TDF powder is given in the supplementary section 

as figure S6. 
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Figure 3.14:Raman spectral overlay of Tenofovir on glass, 0.001-10 mg/ml. Acquired from 200-1800 cm-1. 532 nm, 
12 mW laser power, 100 scans, 10 seconds per scan. Insert: TDF molecular structure. 

 

Figure 3.14 above shows the characteristic vibrations of plain glass and TDF samples, where the 

former shows broad peaks of silicon oxide between 500 cm-1 and 1200 cm-1. Background 

subtraction was performed on the TDF samples to remove the effects of the glass peaks, which 

led to a large decrease in signal strength. Beginning with the in-phase ring breathing of the 

adenine functional group at 727 cm-1, followed by the phosphate band at 1004 cm-1. Individual 

stretching vibration modes of the ring are also seen at 1318 cm-1 with the deformation mode of 

alkyl groups seen at 1372 cm-1. An imidazole ring in deformation mode was detected at 1520 cm-

1 alongside the stretching mode of the aromatic group at 1658 cm-1 [25-26]. When considering 

peak shifting, the 727 cm-1 adenine breathing mode showed a 4 cm-1 blue shift from the powder 

sample; this indicates a decrease in bond length during ring expansion through the π electrons. 

This feature was also observed for the individual bonds of the ring, C=N, C-N and CH2 seen at 

1311 cm-1 region, where a 15 cm-1 blue shift from the powder. These changes were noted as 

significant, and thus peaks 727 cm-1 and 1318 cm-1 were chosen for statistical analysis. 

Figure 3.15 below is a spectral overlay of TDF on the gold-based sensor platform Au@Cit/Au. The 

same samples used on the glass were analyzed on the sensor to observe changes that arise due 

to molecular interactions.  
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Figure 3.15:Raman spectral overlay of Tenofovir on Au@Cit/Au, 0.001-10 mg/ml. Acquired from 200-1800 cm-1. 532 
nm, 12 mW laser power, 100 scans, 10 seconds per scan. Insert: TDF molecular structure. 

 

The Raman overlay shows the spectrum of the chemical sensor Au@Cit/Au after background 

subtraction using the data from section 3.2.1, which resulted in a flat line that implies no 

interference from the crosslinker molecules. As a result, Raman peaks of TDF were clearly visible 

with higher spectral quality than the glass platform. From left to right, the vibration band of alkyl 

groups are detected in 300 cm-1 regions, followed by bending modes from the skeletal structure 

of TDF at 614 cm-1. The adenine ring breathing mode reappeared in 727 cm-1 like the glass 

samples and a skeletal breathing mode was detected at 838 cm-1, which is an 8 cm-1 blue shift 

from the powder value. Stretching modes of the phosphate group appeared more sharply on the 

gold sensor compared to the glass at 1004 cm -1 succeeded by the stretching bands of the 

molecular bonds of the adenine group at 1264 cm-1. These functional groups also appeared at 

1318 cm-1, which is a red shift of 8 cm-1 from the powder sample. Other red shifts were detected 

at 1368 cm-1,1452 cm-1 and 1573 cm-1 for the alkyl groups and the amine group respectively [25-

26]. The peaks of interest selected during the experiments on glass substrates were also chosen 

for the gold sensor group for comparison purposes. 

In the next figure, an overlay of Raman data obtained from silver-based sensor Ag@Cit/Ag is 

depicted. A comparison with the spectrum of the powder sample was made to observe changes 

in vibrational modes.  
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Figure 3.16:Raman spectral overlay of Tenofovir on Ag@Cit/Ag, 0.001-10 mg/ml. Acquired from 200-1800 cm-1. 532 
nm, 12 mW laser power, 100 scans, 10 seconds per scan. Insert: TDF molecular structure 

 

Raman data from the silver chemical sensor shows a similar spectral profile to the powder as well 

as the glass and gold samples. The adenine ring breathing that appears at 723 cm-1 on the 

powder, was detected at 726 cm-1 for the silver sensor, like the skeletal bending mode at 834 cm-

1, which is a 4 cm-1 blue shift from the powder sample.  Further down the spectral range, carbon 

and nitrogen double bonds of the adenine ring appear at 1314 cm-1 which is a 12 cm-1 red shift 

from the powder band. A similar behavior was detected at 1452 cm-1 and 1573 cm-1 for the 

methyl and amine groups, each showing a red shift of 45 cm-1 and 3 cm-1 respectively.  The 

changes in molecular bond response seen on 727 cm-1 and 1314 cm-1 were chosen for statistical 

evaluation of the sensing platform. Table 3.5 below is a summary of the Raman peaks observed 

with the vibrational bands of interest highlighted. 
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Table 3.5:Raman bands of Tenofovir on glass, gold and silver sensors.  

ν=stretching, δ=rocking, ρ=bending (in plane), ω= bending (out of plane), τ= twisting, α= wagging, [26] 
 

In the next section, a statistical evaluation of the peaks highlighted in the table was conducted. 

Peak area and standard error values were used to determine numerical data for parameters that 

are used to evaluate chemical sensors as explained in section 2.6.  

3.3.2 Statistical analysis of Tenofovir on glass, gold, and silver chemical sensors.  

Raman spectroscopy experiments conducted in section 2.5 were used to determine statistical 

differences between the three scaffolds in response to TDF. The calculations begin with 

enhancement efficiency (EF) linear regression, where the R2 and slope or calibration sensitivity 

were determined.  

Figure 17 below shows three plots of peak area versus sample concentration of the 723 cm-1 

Adenine ring of the TDF analyte.  
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Figure 3.17:Linear regression analysis of Tenofovir using the adenine ring functionality (723 cm-1). Peak area vs 
concentration on Glass (Top), Au@Cit/Au (left) and Ag@Cit/Ag (right). 

 

The graphs shown in figure 3.17 depict the differences in the peak area of the adenine functional 

group in response to the different scaffolds. The glass sample shows a low R2 value of 0.86 (p< 

0.10) and calibration sensitivity of 670. This result can be attributed to the interference from the 

glass signal during Raman acquisition whereby, the background subtraction also attenuated the 

analyte signal. In the case of the gold sensor, a significant improvement in R2 of 0.98 (p <0.01) 

and calibration sensitivity of 14761 was the outcome due to the signal enhancement of the 

sensor as well as the lack of interference from the plain glass scaffold. The silver sensor also 

showed a better R2 value of 0.97 (p<0.01) with a calibration sensitivity of 33566. The increase in 

the latter value shows a better molecular interaction between the sensor and the analyte 

functional group, which resulted in signal enhancement that supersedes that of the gold 

platform. This observation is further supported by the larger peak shift on the silver sensor, which 

is caused a by tensile strain that occurs when the adenine ring is in a closely confined space like 

a SERS hotspot [27-28]. A similar calculation was performed using peak area data from the 1326 

cm-1 vibrational mode to compare the two groups for consistency. Figure 3.18 below is a 

collection of linear graphs obtained from the data plotted against TDF concentration.  
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Figure 3.18: Linear regression analysis of Tenofovir using the C=N, C-N, C-H functionality (1326 cm-1). Peak area vs 
concentration on Glass (Top), Au@Cit/Au (left) and Ag@Cit/Ag (right). 

 

The top graph is of the glass substrate where the R2 value improved to 0.90 (p<0.05) from the 

adenine analysis, likewise the calibration sensitivity also increased to 736. These changes are 

attributed to the stereochemistry of the functional groups because when evaluating two atom 

bonds within a ring, the atoms themselves have direct access to intermolecular forces with the 

surface as they adsorb, especially through hydrogen bonding between the carboxylate groups 

and the hydrogens of the  C-H bond[29]. Alternatively, the nitrogen lone pairs can also contribute 

to the interaction towards the alpha and carbonyl carbons of the carboxylates. These two factors 

can improve the signal quality and sensitivity compared to the whole adenine group which is 

likely to be sterically hindered and thus less responsive [30]. For the gold sensor platform, the R2 

value was again 0.98 (p<0.01) and the calibration sensitivity improved to 18692. The differences 

from the adenine ring evaluation in figure 3.17 are attributed to the stereochemistry of the 

molecule, with the two atom bonds being closer or within the SERS hotspot and thus able to 

experience the enhancement effect from the sensing platform. For the silver sensor platform, 

the R2 value remained at 0.97 (p<0.01) while calibration sensitivity decreased to 28551 compared 

to the ring data, again possibly due to steric effects as seen by the larger peak shift from the 

powder value. Overall, the gold scaffold seems to outperform silver in terms of consistency with 

linear fitting however, the latter has higher values in terms of calibration sensitivity. The data 

were further processed to determine analytical sensitivity, and the limit of detection (LOD) for 
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the two sensing platforms compared to plain glass. The calculations for LOD for TDF are given in 

the supplementary section as C2.  Table 6 below is a summary of the values obtained during the 

experiments and subsequent statistical analysis.    

Table 3.6:Statistical values of TDF on glass, Au@Cit/Au and Ag@Cit/Ag. 

 

The numerical data in table 6 shows significant differences in the analytical sensitivity of the 

sensors towards different parts of the TDF molecule. For the adenine ring, analytical sensitivity 

increases from glass to gold and then silver, which agrees with the LOD values, where silver has 

the lowest detection value of 0.005 mg/ml compared to glass and gold at 0.05 and 0.01 

respectively. For the 1310 cm-1 band, the gold substrate shows a better analytical sensitivity 

compared to glass and silver with a value of 72.79; however, the silver sensor platform showed 

a lower LOD at 0.006 mg/ml compared to the 0.009 mg/ml value found for gold. Overall, both 

metal platforms show improved results in the molecular and statistical evaluation of TDF using 

citrate as a crosslinker as seen from the data and the RSD values.  In the next section, an analysis 

of Lamivudine using the citrate-based sensor is performed to evaluate significant molecular 

changes because of the sensing platforms.  

3.3.3 Lamivudine on citrate based chemical sensors. 

LAM experiments were conducted on glass and the two citrate metallic sensor platforms to 

compare changes in peak characteristics between the three groups. Raman spectra of five 

concentrations of TDF ranging from 0.001- 10 mg/ml were dried on glass, Au@Cit/Au and 

Ag@Cit/Ag.  Figure 19 below is a spectral overlay of LAM on the glass substrate. The spectrum 

for LAM powder is given in the supplementary section as figure S7.  
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Figure 3.19:Raman spectral overlay of Lamivudine on glass, 0.001-10 mg/ml. Acquired from 200-1800 cm-1. 532 
nm, 12 mW laser power, 100 scans, 10 seconds per scan. Insert: LAM molecular structure. 

 

The spectral overlay shown in figure 3.19 compares the blank sample of glass (red) and a series 

Lamivudine samples (LAM) on glass substrates. Spectral data was acquired in the region 200-

1800 cm-1 where the amine (-NH2) bending mode was detected at 284 cm-1 followed by the 

twisting mode of C-S at 466 cm-1 alongside the bending mode of hydroxyl group (-OH). Both peaks 

display a blue shift from the powder, which indicates bond shortening. A skeletal twisting 

vibration of the lamivudine molecule was observed in the 600 cm-1 regions next to the ring 

deformation vibration modes of the two rings R1 and R2. Carbon-oxygen bonds of ring 1 are seen 

in the middle of the spectral range 1034 cm-1, succeeded by the stretching mode carbon-nitrogen 

bonds of ring 2 at 1245 cm-1[31]. The above-mentioned peaks show blue shifting because of bond 

shortening on the glass substrate. At the end of the spectrum, more peaks arising from ring 2, 

specifically the deformation of amine bonds (1615 cm-1) and the stretching mode of the carbonyl 

bond (1645 cm-1), were detected, which is the smallest blue shift in the series of samples. 

Although vibrational modes were obtained across the sample group, their signals were heavily 

attenuated by the broad band signals from the glass post background subtraction. Figure 19 

below shows Raman spectral data of the same samples analyzed on the fabricated chemical 

sensor Au@Cit/Au.  
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Figure 3.20:Raman spectral overlay of Lamivudine on Au@Cit/Au, 0.001-10 mg/ml. Acquired from 200-1800 cm-1. 
532 nm, 12 mW laser power, 100 scans, 10 seconds per scan. Insert: LAM molecular structure 

 

The spectral data in figure 20 shows a similar peak profile as seen in the glass sample group. 

However, key differences in peak values were observed. Firstly, a red shift was observed for the 

amine (277 cm-1) and O-H (462 cm-1) groups of ring 2 and ring 1 respectively which indicates 

hydrogen bonding between the analyte and the carboxylate and hydroxyl groups of the 

crosslinker. This is further supported by the red shift of ring 2, observed as 751 cm-1 ring 

deformation, possibly due to the amine interaction with the sensor. Further down the spectra 

(1245-1645 cm-1), ring 2 shows dominance in vibration modes over ring 1, which is also seen by 

the weak peaks of the C-O (1031 cm -1), which belongs to the latter, this implies that the amine 

group intermolecular interactions with the crosslinker is more favorable than the alternative. In 

addition, the aromatic character of ring 2 found on the double bonds between carbon and 

nitrogen, can lead to increased signal and red shifting because of the polarizability of these 

functional groups when the amine undergoes hydrogen bonding with the sensor. The lack of 

strong C-O contribution implies that the carboxylate and hydroxyl groups of the crosslinker repel 

the hydroxyl group of ring 1 and prefers the amine group of ring 2 for intermolecular interaction. 

Figure 21 below is a SERS overlay of LAM on silver sensing platform. The same parameters were 

followed as above.  
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Figure 3.21:Raman spectral overlay of Lamivudine on Ag@Cit/Ag, 0.001-10 mg/ml. Acquired from 200-1800 cm-1. 
532 nm, 12 mW laser power, 100 scans, 10 seconds per scan. Insert: LAM molecular structure. 

 

In the above figure, a spectral overlay of LAM on Ag@Cit/Ag shows significant differences 

between glass and gold. Firstly, a red shift from the bending vibration of the amine group is seen 

at 225 cm-1, which is the only red shift of this functional group at that spectral range. Secondly, 

peaks 458 cm-1 and 590 cm-1 of ring 2 (R2) and the skeleton respectively, both show a red shift 

from the powder value of 462 cm-1 and 593 cm-1. A similar red shift profile is also seen for ring 1 

(R1) and R2 between the 1200 cm-1 region. At the far end of the spectra, the amine and carbonyl 

bonds appear red-shifted by 3 and 1 cm-1 at 1610 cm-1 and 1644 cm-1 respectively [32]. From the 

data, R1 and R2 were chosen as functional groups of interest because of the close connection to 

the amine and hydroxyl groups respectively for all three scaffolds. Table 7 below is a summary of 

the vibrational bands obtained during experiments on the silver scaffolds.  
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Table 3.7: Raman bands of Lamivudine on glass, gold, and silver sensors. 

 
ν=stretching, δ=rocking, ρ=bending (in plane),ω= bending (out of plane), τ= twisting , [33] 

 

In the next section, a statistical evaluation of the peaks highlighted in the table was conducted 

using equations from section 2 .6. Peak area and standard error values were used to determine 

differences for parameters associated with a chemical sensor. 

3.3.4 Statistical analysis of Lamivudine on glass, gold, and silver chemical sensors. 

Peak area values of the functional groups of interest 1245 cm-1 and 1920 cm-1 were used together 

with their corresponding concentrations to plot linear graphs and determine R2 and calibration 

sensitivity values. Figure 22 below shows three graphs that belong to the glass, gold, and silver 

scaffolds for the 1244 cm-1 of R2. 
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Figure 3.22:Linear regression analysis of Lamivudine using the ring 2 (R2) functionality (1244 cm-1). Peak area vs 
concentration on Glass (Top), Au@Cit/Au (left) and Ag@Cit/Ag (right). 

 

The results from the graphs in figure 3.22 show a linear relationship between the LAM 

concentration and the peak area values. The top graph which shows results from glass, gave an 

R2 value of 0.85 (p <0.10) with a calibration sensitivity of 2314. The plot from the gold experiments 

showed a satisfactory R2 value of 0.99 (p < 0.01) and calibration sensitivity of 26701 from the 

signal enhancement. Lastly, calculations from the silver sensor group resulted in an R2 value of 

0.98 and a calibration sensitivity of 122883 towards the LAM samples.  The metallic sensors 

outperform the glass scaffold in both linear quality and sensitivity, this is a result of forces like 

hydrogen bonding between the analyte hydrogens and the oxygen atoms of the crosslinker on 

the nanomaterials which result in a better signal output [33]. Also, from the spectral overlay of 

figures X and X, the most sterically unhindered species such as the amine, gave the most intense 

signals and such as, and they provided signal enhancement R2.  Figure 23 below is a similar 

analysis of LAM where the R2 was evaluated using peak 1244 cm-1 of the R1.  
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Figure 3.23:Linear regression analysis of Lamivudine using the ring 2 (R2) functionality (1287 cm-1). Peak area vs 
concentration on Glass (Top), Au@Cit/Au (left) and Ag@Cit/Ag (right). 

 

Figure 3.23 is a collection of linear graphs for the glass, gold and silver sample groups. The linear 

relationship observed in figure 3.22 is also seen above where the glass group resulted in a R2 

value of 0.84 (p<0.10) and a calibration sensitivity value of 1096. The results from the gold 

experiments showed an R2 value of 0.96 and a calibration sensitivity of 9604. The improvement 

is a result of the intermolecular forces between the amine group via hydrogen bonding which 

supplied the signal improvement. For silver experiments, the R2 value obtained was 0.97 (p< 0.01) 

with a calibration sensitivity of 50477. The large increase in calibration sensitivity arises from the 

signal enhancement provided by the silver sensor through molecular interaction like R1. This 

observation is supported by the change in red shifting for the silver group, which indicates tensile 

strain caused by the sensor interaction with the analyte. The table that follows gives a summary 

of the analytical sensitivity and limit of detection of the three scaffolds towards the API 

Lamivudine. The calculations used to determine these values were conducted in the same fashion 

as explained in SA.   
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Table 3.8:Statistical values of LAM on glass, Au@Cit/Au and Ag@Cit/Ag. 

 

 

The data from table 3.8 shows the values for LAM on the three scaffolds calculated using the 

example shown in SA. For the 1245 cm-1 data, the analytical sensitivity was lowest on glass with 

a value 15.81, followed by silver at 53.51 and gold at 54.54. This sequence arises from the 

calibration sensitivities for each group. However, the standard deviations contributed to the 

values obtained, with gold showing an improved linear fit and hence a better analytical sensitivity 

value. The limits of detection for all three groups decreased from 0.79 mg/ml on the glass 

followed by 0.0067 mg/ml of gold and 0.0014 mg/ml for silver, which shows a pronounced 

improvement for the metal scaffolds. In the case of the 1290 cm-1, gold gave the largest analytical 

sensitivity of 19.60, followed by silver and glass at 11.62, 7.49, respectively. This sample group 

shows an improved response from gold towards the R1, possibly due to the high affinity for the 

hydroxyl group via intermolecular forces [34-36]. However, the limit of detection values gave the 

highest result on silver platform due to the better linear fit and calibration sensitivity. Overall, 

the silver outperformed the gold scaffolds in terms of limit of detection while the gold showed a 

better sensitivity profile towards the analyte.  

3.3.5 Dolutegravir on citrate based chemical sensors. 

Dolutegravir (DLG) samples prepared with the procedures in section 2.6 were analyzed using 

Raman spectroscopy and their bands were compared across the glass, gold, and silver scaffolds. 

Because DLG dissolves poorly in water, the samples were allowed to settle in the solution 

overnight to allow as much dissolution as possible. The exact concentrations of the samples may 

not be accurate as prepared. Nonetheless, Raman spectra were obtained and figure 3.24 below 

is the spectral overlay of DLG on glass. The samples were background corrected against the large 

peaks found on the scaffold. 
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Figure 3.24: Raman spectral overlay of Dolutegravir on glass, 0.001-10 mg/ml. Acquired from 200-1800 cm-1. 532 
nm, 12 mW laser power, 100 scans, 10 seconds per scan. Insert: DLG molecular structure. 

 

The Raman spectra seen above show the vibrational bands from DLG on plain glass. The peaks 

from the plain glass appeared strongly just as on the previous APIs, thus the data was background 

subtracted to remove them. When comparing the samples above with the DLG powder spectrum 

(see S6), the peaks from the former show the amine bending mode at 247cm-1 followed by a 

stretching mode of carbon nitrogen bonds at 1276 cm-1. The latter also reappears red-shifted by 

8 cm-1 at 1314 cm-1 followed by alkyl groups also red-shifted at 1353 cm-1 and 1403 cm-1 which 

appeared strongly from the methyl group. A weak bending mode appeared from amines in the 

1500 cm-1 region followed by imines and aromatic carbon double bonds around 1600 cm-1 [37-

38].  The difference in peak number speaks to the changes in bond length mediated by 

intermolecular forces between the oxygens on the glass and the hydrogens of the analyte [39-

41]. As a result, peaks 1403 cm-1 and 1520 cm-1 of the methyl and primary amine respectively, 

were chosen for statistical evaluation because of their hydrogens that engage in hydrogen 

bonding with the surface as seen by the peak shifts. The following spectral data is from DLG on 

the gold sensor. 
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Figure 3.25:Raman spectral overlay of Dolutegravir on gold, 0.001-10 mg/ml. Acquired from 200-1800 cm-1. 532 nm, 
12 mW laser power, 100 scans, 10 seconds per scan. Insert: DLG molecular structure. 

 

The gold chemical sensor Au@Cit/Au was used to adsorb DLG samples which were subsequently 

analyzed using SERS. From figure 3.25 above, a peak profile like DLG powder was obtained were 

the peaks appeared more enhanced than the signals from the glass sample group. Starting from 

left to right, a weak peak of the amine group is seen at 247 cm-1 which is a value like glass, the 

next peak was detected from imine bonds appearing in stretching mode at 1276 cm-1. A red shift 

is also seen from the same functional group at 1314 cm-1, followed by the methyl group at 1400 

cm-1 [42]. Contributions from the deformation of imines and bending modes of methyl groups 

occur in a peak overlap at 1425 cm-1 , followed by a large red shift at 1456 cm-1 from amines also 

in bond deformation. Primary amines reappeared in the deformation mode at 1514 cm-1, which 

is a 6 cm-1 red shift from the powder, while at the far end of the spectrum, amines and imines 

were detected at 1580 cm-1 and 1629 cm-1 respectively. Lastly, the deformation mode and 

stretching mode of amines and aromatic carbon double bonds were seen as peak 1645 cm-1[43-

45]. Although the spectra from the gold samples provided peaks at higher intensities, the choice 

to adhere to the methyl and primary amine at 1400 and 1514 cm-1 arises from keeping 

consistency with the glass group. Furthermore, the bulky molecule DLG creates a limitation in 

terms of which functional groups can have reliable access to the hotspot based on stereochemical 

conditions, the chosen functional groups hold the most probability because of their positions on 

the molecule. The next figure is an overlay of DLG on silver sensors, which were analyzed in a 

similar process as above.  
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Figure 3.26:Raman spectral overlay of Dolutegravir on silver, 0.001-10 mg/ml. Acquired from 200-1800 cm-1. 532 
nm, 12 mW laser power, 100 scans, 10 seconds per scan. Insert: DLG molecular structure. 

 

The figure above shows the response of DLG on the silver sensor after Raman spectroscopy 

experiments. The spectra have an improved quality compared to the glass like the gold, which 

implies the sensing platforms of both metals greatly assist in improving the signal by blocking out 

the interference from the glass. Assessment of the peaks shows the presence of the amine group 

at 204 cm-1, making it the largest red shift of this vibration [46]. The imine stretching modes were 

detected at 1272 cm-1 and 1314 cm-1, red-shifted by 3 and 8 cm-1 respectively. Further down the 

spectra, the methyl band of interest appeared at 1399 cm-1 compared to 1408 cm-1 of the 

powder, succeeded by the primary imine and methyl combination at a red-shifted peak 1422 cm-

1 [47]. The deformation band of primary amine was also detected at 1513 cm-1, making it the 

largest shift within the scaffolding groups while carbon and nitrogen double bonds appeared as 

stretching modes at 1629 cm-1. Lastly, double bonds of the aromatic benzene ring were detected 

at 1645 cm-1 like the values obtained in the other platforms.  Overall, the Raman peaks on the 

silver sample seem to be more intensified compared to the other groups, with red shift values 

showing the largest difference in the functional groups selected for statistical analysis. Table 9 

below summarizes the peaks obtained in this section of Raman experiments where the values 

are compared against the powder sample acquired using the same parameters. 
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Table 3.9:Raman bands of Dolutegravir on glass, gold and silver sensors. 

 
ν=stretching, δ=rocking, ρ=bending (in plane), ω= bending (out of plane), τ= twisting. [33] 

 

 

In the next section, a statistical analysis of the peaks highlighted in table 9 was conducted. Peak 

area values were explored using known equations from chapter 2, to calculate parameters such 

as sensitivity and LOD.  

3.3.6 Statistical analysis of Dolutegravir on glass, gold, and silver chemical sensors. 

Peak area values of the functional groups of interest 1408 cm-1 and 1520 cm-1 were used together 

with their corresponding concentrations to plot linear graphs and determine calibration 

sensitivity values. Figure 27 below shows three graphs that belong to the glass, gold, and silver, 

for peak 1408 cm-1 of the methyl group.  
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Figure 3.27:Linear regression analysis of Dolutegravir using the methyl group functionality (1408 cm-1). Peak area vs 
concentration on Glass (Top), Au@Cit/Au (left) and Ag@Cit/Ag (right). 

 

The linear graph plots in figure 3.27 were compared in terms of R2 and calibration sensitivity using 

the peak area from the methyl group vibration at 1408 cm-1. The glass curve is seen at the top 

with a R2 value of 0.88 (p<0.10) and a slope value of 3938.1. In the bottom left, the gold sensor 

plot produced a R2 value of 0.98 (p< 0.01) and a calibration sensitivity of 51722. Lastly, the silver 

data resulted in a plot with a fitting R2 value of 0.98 (p<0.01) and a calibration sensitivity of 

315308. From the above data, the glass performed the least satisfactory amongst the group due 

to the interference effects from the glass as well as the solubility of DLG in water, which added a 

level of randomness to the concentrations prepared. The R2 value improved on the gold samples 

because the glass signal was suppressed and the chemical interaction between gold and the 

analyte promoted the chemisorption process and thus enhanced the calibration sensitivity [48-

50]. Thus far, the silver group shows large intensity values probably due to the larger particle 

sizes of the silver group, which adds to the signal enhancement process.  In the next figure, linear 

plots of peak area vs concentration were constructed using the primary amine vibration.  
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Figure 3.28:Linear regression analysis of Dolutegravir using the primary amine functionality (1520 cm-1). Peak area 
vs concentration on Glass (Top), Au@Cit/Au (left) and Ag@Cit/Ag (right). 

 

The linear regression analysis shown above is of the primary amine using peak 1520 cm-1. The R2 

value for the glass plot (top) was 0.87 (p< 0.10) and the calibration sensitivity 1972. The low 

values are consistent with effects from the glass interference as seen in the methyl group study. 

For the gold experiments, higher values were determined with a R2 value of 0.98 (p<0.01) and a 

calibration sensitivity of 39700. This change occurred due to the enhanced signal response from 

the gold hotspots and chemical interaction with the analyte. Data from silver was plotted and 

produced a R2 value of 0.98 (p<0.01) and a calibration sensitivity of 142775. From the results 

above, it appears the sensors improve the signal response from the analyte via chemisorption 

mediated improvement. This is expected considering the probability of hydrogen bonding 

between the hydrogen of the primary amine and the oxygen of the crosslinker that coating the 

nanoparticles. Furthermore, the pronounced red shifting supports this notion because the bond 

distortion that arises from confinement in the hotspot can only exist from the forces between 

the above-mentioned atoms. The table below summarizes the values for the calculated 

parameters, analytical sensitivity, and limit of detection to compare the efficiency of the sensor 

with respect to DLG. The calculation steps followed are the same as the example given for TDF in 

the supplementary section.  
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Table 3.10: Statistical values of DLG on glass, Au@Cit/Au and Ag@Cit/Ag. 

 

 

The data in table 10 above shows the calculated values for the parameters used to test the three 

scaffolds for chemical sensing. Starting with the methyl group results, the analytical sensitivity 

was fairly comparable across the different scaffolds, with glass producing the lowest value at 44.8 

while gold and silver were 48.33 and 50.15, respectively. The limit of detection was also highest 

on glass at 0.01 mg/ml while gold reached 0.003 mg/ml and silver went as low as 0.0006 mg/ml. 

This series of data is consistent with the prediction that hydrogen bonding plays a key role in the 

enhancement of the methyl group signal using the oxygens of citrate. For the primary amine, 

analytical sensitivity increased from glass at 26.56 to silver at 133 and gold with the highest value 

of 194.81. The L.O.D was again highest on glass at 0.01 mg/ml and gold at 0.004 mg/ml, silver 

produced the lowest value of 0.001 mg/ml. From this data, consistency in the trend is seen for 

the calibration sensitivity and LOD however, gold produced a higher analytical sensitivity than 

silver. The reason for the change in value arises from the lower standard deviation from the gold 

data because both metals produced the same R2 value. The LOD was better on silver in both 

functional groups which implies that the plasmonic nature of silver towards photons of 532 nm 

wavelength greatly enhances the signal intensity through electromagnetic effects. The relative 

standard deviation values show the statistical variation in the set of data used in the calculations.  

In the next section, SERS experiments using cysteamine as the crosslinker were conducted across 

the three API analytes to assess the performance of the chemical sensors.     
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3.4 SERS analysis of APIs on cysteamine-based chemical sensors. 
Experiments on active pharmaceutical ingredients (API) of ARVs prepared in section 2.5 were 

undertaken using MNP based chemical sensors; gold cysteamine (Au@Cys/Au) and silver 

cysteamine (Ag@Cys/Ag). The APIs used in this study consist of Tenofovir (TDF), Lamivudine 

(LAM) and Dolutegravir (DLG). The aim was to determine changes in molecular characteristics 

from peak shifting because of chemical interactions with the sensor. The spectra were compared 

against values obtained from powder samples which were used to prepare the solutions. The 

differences observed were used to determine peak area values and other numerical data for 

statistical calculations. All data relating to glass has already been discussed in section 3.4 

3.4.1 Tenofovir on cysteamine-based sensors. 

TDF experiments were conducted on cysteamine sensors to compare changes in peak 

characteristics as the analyte absorbed on the surface. Raman spectra of five concentrations of 

TDF ranging from 0.001- 10 mg/ml were dried on Au@Cys/Au and Ag@Cys/Ag.  Figure 29 below 

is a spectral overlay of TDF on the glass substrate. The spectrum for TDF powder is given in the 

supplementary section as figure S4. 

 
Figure 3.29:Raman spectral overlay of Tenofovir on Au@Cys/Au, 0.001-10 mg/ml. Acquired from 200-1800 cm-1. 532 
nm, 12 mW laser power, 100 scans, 10 seconds per scan. Insert: TDF molecular structure. 

 

Figure 29 above shows a combination of Raman spectra for TDF across a series of concentrations. 

The spectrum of Au@Cys/Au seen as a blue line, was removed by background subtracted which 

resulted in the TDF spectra seen underneath. In all the samples, peaks associated with TDF were 
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detected, starting with the 724 cm-1 and 839 cm-1 vibrations from the adenine ring and the 

molecular skeleton respectively. Both bands appear blue-shifted from the powder value of 830 

cm-1 like the adjacent phosphate group at 1032 cm-1 for the samples and 1027 cm-1 for the 

reference. Imine bonds and primary amines were detected in the middle of the spectra at 1261 

cm-1 and 1330 cm-1, both blue-shifted by 1 cm-1 and 4 cm-1 respectively. A deformed vibration 

from the methyl group was observed alongside other alkyl bonds in the 1400 cm-1 region while 

amine bands in bending vibration were detected at the far end of the spectrum between 1500 

cm-1 and 1660 cm-1. The blue-shifted bands obtained in this experiment can be explained by 

considering the interaction between nitrogen lone pairs from the cysteamine crosslinker, where 

a possible hydrogen bonding can occur with the hydrogens of the analyte [51-52]. The following 

figure is a spectral overlay of TDF on the silver sensor crosslinked with cysteamine. 

 
Figure 3.30:Raman spectral overlay of Tenofovir on Ag@Cys/Ag, 0.001-10 mg/ml. Acquired from 200-1800 cm-1. 532 
nm, 12 mW laser power, 100 scans, 10 seconds per scan. Insert: TDF molecular structure. 

 

In figure 30 above, the adenine ring breathing was detected at 724 cm-1 adjacent to the 835 cm-

1 of the skeletal breathing band and the phosphate group at 1032 cm-1. The three bands display 

blueshift which are like the gold samples which indicates a bond shortening when analytes are 

placed on the sensors with the oxygen-rich phosphate group and the skeletal group showing the 

highest peak shifts of 5 cm-1. Imine bonds of the adenine ring reappeared at 1261 cm-1 and 1330 

cm-1 respectively, which are also blue-shifted values. Alkyl groups in deformation mode were 

observed blue-shifted by 10 cm-1 for CH2 at 1380 cm-1 and red shift of the CH3 by 48 cm-1  at 1449 

cm-1. The large shift seen on the methyl group can arise from the strain arising from 
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intermolecular forces between its hydrogens and the lone pairs of the nitrogen group. The 

primary amine of TDF was detected at 1510 cm-1 followed by the amine group and the imine at 

1577 cm-1 and 1659 cm-1 respectively. Table 3.11 below gives a summary of the vibrational bands 

obtained for TDF under the three scaffolds. 

Table 3.11:Raman bands of Tenofovir on glass, gold, and silver sensors. 

 
ν=stretching, δ=rocking, ρ=bending (in plane), ω= bending (out of plane), τ= twisting, α= wagging, [26] 

 

The peaks that were studied in the citrate based experiments in section 3.4, 727 cm-1 and 1310 

cm-1 were investigated statistically in the section  that follows. The data obtained from the TDF 

glass experiments were incorporated into this data set for comparison purposes.  

3.4.2 Statistical evaluation of Tenofovir on glass and cysteamine-based chemical sensors. 

Linear curves of TDF on glass, Au@Cys and Ag@Cys substrates were constructed and compared 

using peak area versus concentration. The graphs were used to determine the R2 values and the 

calibration sensitivity as the slope of the line. Figure 31 below is three graphs of the 727 cm-1 

adenine ring breathing mode.  
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Figure 3.31:Linear regression analysis of Tenofovir using the adenine ring functionality (723 cm-1). Peak area vs 
concentration on Glass (Top), Au@Cys/Au (left) and Ag@Cys/Ag (right). 

 

Figure 3.31 above gives the statistical outlook of TDF Raman response on the different platforms, 

using the adenine peak area as a signal. The glass produced a R2 value of 0.86 (p<0.10) compared 

to the 0.96 (p<0.01) and 0.97 (p<0.01) values of the gold and silver samples respectively. In 

addition, the silver sensor showed the highest calibration sensitivity value of 13803, followed by 

the gold sensor at 5152 and the plain glass gave the lowest value of 670. The explanation for the 

observed statistical data can be addressed from the Raman shifts which show the most blue shift 

on the glass as the ring is more compressed, while the metal nanomaterial sensors show ring 

strain caused by molecular interactions that led to a relative red shift. This progression in values 

also shows that the metals played role in improving the linearity of the TDF signals by increasing 

the signal-to-noise response where the glass interference is reduced gradually as the thickness 

increases [53-54]. Furthermore, the improved calibration sensitivity speaks to the ability of the 

metals to improve the signal when the molecules are in the hotspot, indicated by Raman shifts 

mediated by intermolecular forces. The R2 and calibration values obtained in these experiments 

were used to calculate the other parameters to assess the efficiency of the sensors. Figure 32 

below is an evaluation of the 1310 cm-1 peak area which is attributed to the combined 

contribution of the imine and the primary amine stretching modes.  
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Figure 3.32:Linear regression analysis of Tenofovir using the adenine ring functionality C=N, C-N, C-H functionality 
(1326 cm-1). Peak area vs concentration on Glass (Top), Au@Cys/Au (left) and Ag@Cys/Ag (right). 

 

The data in the figure above shows the statistical response from the 1330 cm-1 vibrational band 

of the primary amide of TDF. The R2 of the glass, gave the lowest value of 0.90 (p< 0.05) while the 

gold value was 0.95 (p< 0.05) and the highest value was from the silver substrate at 0.97 (p<0.01). 

The calibration sensitivity from this set of experiments resulted in the glass substrate producing 

the lowest output of 736.2 followed by the gold sensor at 6635 and silver again with the highest 

value of 27348. The trend in this experimental group correlates with the peak shifting observed 

where the red-shifted glass value implies that the TDF ring functional groups are not compressed 

individually compared to the ring itself, which is blue shifting due to bond length shortening [55-

57]. In addition, the metallic sensors showed consistency in blue shift because the functional 

group is compressed in stretching mode possibly by intermolecular forces. The results obtained 

from this statistical analysis were used to determine values for additional parameters that 

characterize the performance of chemical sensors. Table 12 below is a summary of statistical 

values obtained for TDF on the three substrates.  
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Table 3.12:Statistical values of TDF on glass, Au@Cys/Au and Ag@Cys/Ag. 

 

 

According to the table above, the chemical sensors showed a trend in analytical sensitivity 

towards the adenine ring as follows: the glass gave the highest value of 39.26 followed by silver 

with 26.36 and lastly gold produced a low value of 16. This trend can arise by considering the 

standard deviation of the data from glass decreased relative to the slope or calibration sensitivity 

whose linearity is confirmed by the R2 value. Since the latter was low in magnitude, implying a 

poor linear fitting, the analytical sensitivity value received is not considered reliable. When 

comparing the nanomaterial sensors, silver surpassed the gold value due to the high calibration 

sensitivity and lower standard deviation. The limit of detection from glass was found to be 0.05 

mg/ml, while lower values were obtained from gold at 0.01 mg/ml and silver and 0.003 mg/ml 

respectively. In the case of the amine bonds of the ring at 1310 cm-1, the analytical sensitivity of 

glass was higher than gold at 43.13 and 20.6 respectively, while the silver sensor held the highest 

value at 52.24. For this functional group, the R2 value on glass improved from the adenine ring. 

However, it remained lower than the chemical sensors with an additional lower significance value 

and thus it was regarded unreliable. The limit of detection significantly dropped on the chemical 

sensors compared to the glass substrate, with silver producing the lowest value of 0.001 mg/ml 

and gold at 0.01 mg/ml. The overall observation from the table above is that silver produced the 

most optimum combination of parameter values against gold and glass. In the next section, 

experiments with Lamivudine were conducted to compare the performance of the chemical 

sensors against the glass.  

3.4.3 Lamivudine on cysteamine-based sensors. 

After the production of cysteamine stabilized chemical sensors, Lamivudine was experimented 

on and compared to the glass data. The figures that follow are Raman spectral overlays only on 
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gold and silver chemical sensors because the glass samples were already explored and discussed 

in the citrate-based section of 3.4 

 
Figure 3.33: Raman spectral overlay of Lamivudine on Au@Cys/Au, 0.001-10 mg/ml. Acquired from 200-1800 cm-1. 
532 nm, 12 mW laser power, 100 scans, 10 seconds per scan. Insert: LAM molecular structure.  

 

Samples of Lamivudine were run on the Raman microscope system to analyze the molecular 

properties of the Au@Cys/Au chemical sensor. The blue line in the spectral overlay shows the 

Au@/Cys/Au contribution from section 3.2 which was background subtracted. The succeeding 

spectral lines are from the LAM samples. The bands observed from the samples showed the 

amine bending mode red-shifted by 5 cm-1 at 222 cm-1 followed by the combination of the 

twisting mode of carbon sulphur bonds of ring 1 and the bending mode of the hydroxyl group 

(R1) at 463 cm-1 . The molecular skeleton is seen twisting in two bands 595 cm-1 and 628 cm-1 

which are slight blue shifts of less than 4 cm-1. In the 800 cm-1 regions a doublet peak was 

detected and assigned to deformation modes of R1 and R2 both red-shifted, implying the rings 

were expanding under tensile strength. Carbon oxygen bonds from R1 were detected at 1032 cm-

1. The rest of the spectral range was dominated by R2, with the amine bonds in bending mode 

and carbon nitrogen bonds seen wagging and stretching at 1246 cm-1, 1292 cm-1 and 1525 cm-1 

respectively. At the end of the spectral range, amine bands and aromatic carbon bonds are 

detected in combined stretching and deformation modes in the 1600 cm-1 region, with the 

carbonyl carbon bond in stretching mode at 1643 cm-1. Thus, as seen in the citrate study, the R1 

seems to dominate the signal response via the aromatic character and the amine groups again in 

this sample group and as such, the same bands of interest selected in 3.4.3 were chosen for 



101 
 

comparison and statistical analysis with cysteamine. The next figure is a spectral overlay of LAM 

on Ag@Cys/Ag sensor.  

 

 
Figure 3.34:Raman spectral overlay of Lamivudine on Ag@Cys/Ag, 0.001-10 mg/ml. Acquired from 200-1800 cm-1. 
532 nm, 12 mW laser power, 100 scans, 10 seconds per scan. Insert: LAM molecular structure. 

 

The Raman spectral overlay in figure 3.34 above shows the response of LAM on Ag@Cys/Ag 

sensor. The amine bending mode was again detected in bending mode at 226 cm-1 which is closer 

to the powder value compared to gold. R1 thiol and hydroxyl groups were seen at 463 cm-1 

twisting modes alongside the skeletal bands in 600 cm-1 also in twisting mode [58-59]. The 

doublet seen in figure 33 was absent in this sample group, instead a broad peak in the 800 cm-1 

region was detected arising from the vibrational bands of the two rings in deformation mode. 

The C-O bond of R2 was again detected at 1032 cm-1.  A blueshift character is seen on the rest of 

the spectrum with R2 bands, C-N and the amine group appearing in bending mode in the 1200-

1300 cm-1 region followed by the deformation of the amine group coupled with the imine 

stretching vibration at 1525 cm-1. In addition, the amine group deformation reappeared again 

coupled with the carbon double bonds of the R1. This implies most of the vibration bands in this 

region were in a compressed state which indicates bond shortening of the molecule in response 

to the chemical sensor and laser photons [60]. Lastly, the stretching vibration of the carbonyl 

group was seen at 1640 cm-1 at the end of the spectral range.  
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Table 3.13:Raman bands of Lamivudine on glass, gold and silver sensors. 

 
ν=stretching, δ=rocking, ρ=bending (in plane),ω= bending (out of plane), τ= twisting, [33].   

The peak areas of 1249 cm-1 and 1292 cm-1 for both gold and silver were used in the next section 

to perform statistical analysis on the bands in response to the samples in the spectral shown in 

this section. 

3.4.4 Statistical evaluation of Lamivudine on glass and cysteamine-based chemical sensors. 

In this section, linear regression on the data obtained from LAM on glass and cysteamine based 

chemical sensors was conducted similarly to the previous approach used on citrate sensors. The 

objective was to determine the R2 and calibration sensitivity (slope) values of LAM across the 

various concentrations. Peaks 1244 cm-1 and 1287 cm-1 of R2 stretching and bending vibrations 

were used as the signals of interest. 
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Figure 3.35:Linear regression analysis of Lamivudine using the ring 2 (R2) functionality (1244 cm-1). Peak area vs 
concentration on Glass (Top), Au@Cys/Au (left) and Ag@Cys/Ag (right). 

 

Figure 3.35 above is a group of linear curves for LAM on glass, gold, and silver substrates. The 

data shows the glass graph seen at the top produced an R2 value of 0.85 (p<0.05) and a slope of 

2314. On the bottom left are the statistical values of the gold linear fit with an improved R2 value 

of 0.99 (p<0.01) and a calibration sensitivity (slope) of 24558. These values can be attributed to 

the high solubility of LAM in water, which allowed controlled sample preparation that yielded 

highly satisfactory results. As seen in the previous experiment, the silver experiments yielded the 

highest sensitivity value of 96479 but could not match the gold R2 and rather produced a value 

of 0.98.  Also of interest, the peak shifts for this series of experiments show a blue shift from the 

powder value progressing as 1245 cm-1, 1246 cm-1 and 1249 cm-1 for glass, gold, and silver 

respectively. It appears the sensitivity trend increases with the peak shift; this was also observed 

in the previous statistical work. Bond compression appearing as blue shifting could arise from the 

energy transfer to an analyte molecule in the hot spot of the SERS platform [60-61]. This signifies 

molecular interactions between the analyte and sensing platform, which is considered favorable. 

In this next section, a similar regression analysis was performed for the bending modes of R1 

found in the 1300 cm-1.  
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Figure 3.36:Linear regression analysis of Lamivudine using the ring 2 (R2) functionality (1287 cm-1). Peak area vs 
concentration on Glass (Top), Au@Cys/Au (left) and Ag@Cys/Ag (right). 

 

The in-plane and out-of-plane bending of the R2 bonds was investigated on glass, gold, and silver 

substrates. Figure 36 above shows the linear regression of the LAM samples which were serially 

diluted. Beginning with the glass samples, the R2 was a value of 0.84 (p<0.05) and a calibration 

sensitivity of 1096, which is the lowest in the series. Gold samples again produced an R2 of 0.99 

(p<0.01) with a corresponding calibration sensitivity of 12000. The silver counterpart resulted in 

an R2 value of 0.97 (p< 0.01), while a much higher calibration sensitivity value of 34470 was 

realized. The peak shifting in this followed the same pattern as the 1244 cm-1 data however, the 

metal sensor had the same blue shift value. The results obtained from the two sets of 

experiments were used to calculate the analytical sensitivity and limit of detection for the 

chemical sensor and compared against thr glass. Table 14 below summarizes the values obtained 

from LAM study on cysteamine stabilized chemical sensors. 
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Table 3.14:Statistical values of LAM on glass, Au@Cys/Au and Ag@Cys/Ag. 

 

Table 14 shows the parameters explored to assess the capabilities of the chemical sensor to 

enhance the signals of the ARV medication. Using equations from chapter 2, the slopes of the 

linear regressions were further investigated to determine the analytical sensitivity where the 

1244 cm-1 sample group showed an increase in this parameter from glass to gold and silver with 

values 15.81, 26.74 and 91.24 respectively. The reason can be placed on the high calibration 

sensitivity and the relatively low standard deviation of the silver substrate compared to gold and 

glass. In the latter case, the background noise from the glass signal increased the standard 

deviation of the sample group which lowered the analytical sensitivity. The gold managed to 

produce a high calibration sensitivity and standard deviation. However, the silver sensor 

calibration sensitivity was still significantly higher and thus produced a higher analytical 

sensitivity. In terms of the limit of detection, the glass produced the highest value of 0.79 mg/ml 

followed by a 3-fold lower value of 0.0026 mg/ml and an even lower value for silver at 0.0004 

mg/ml. These values are again attributed to the calibration sensitivity which has an inverse 

relationship with the limit of detection. For 1290 cm-1 data set, analytical sensitivities were lower 

than in the previous case with glass producing 7.49, gold 13.1 and silver at 32.53. This large 

change can be assigned to the lower calibration values for this vibrational mode, which is likely a 

result of the intermolecular force interactions with the chemical sensors. Nonetheless, the trend 

was determined to be consistent in both groups. The limit of detection also remains consistent 

with 1.67, 0.005 and 0.0012 mg/ml, respectively.  This confirms that the high calibration 

sensitivities of the metallic sensors and the lower standard deviation values, which are affected 

by molecular interactions, greatly improve the detection efficiency of the chemical sensors 

compared to glass. The next section shows the SERS analysis of Dolutegravir on the three 

scaffolds for sensing applications.  
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3.4.5 Dolutegravir on cysteamine based chemical sensors. 

Dolutegravir (DLG) samples as outlined in section 2.6 were analyzed using Raman spectroscopy 

and the vibration bands were compared across the glass, gold, and silver scaffolds. Because of 

the DLG dissolution challenge expressed in the citrate study, the samples were allowed to settle 

in the solution overnight to allow as much dissolution which may have affected the exact 

concentrations of the samples. However, Raman spectra were overlayed in figure 37 below and 

the samples were background corrected against the peaks found on the scaffold.  

 
Figure 3.37: Raman spectral overlay of Dolutegravir on gold, 0.001-10 mg/ml. Acquired from 200-1800 cm-1. 532 
nm, 12 mW laser power, 100 scans, 10 seconds per scan. Insert: DLG molecular structure. 

 

The spectral data above shows the Raman bands obtained for DLG across a series of 

concentrations shown in the legend. In short, the amine group bending vibration was detected 

first at 248 cm-1 in range with the powder while the imine and amine bonds were seen in the 

1200 and 1320 cm-1 with a blue shift seen towards the latter. Alkyl groups were found deformed 

at 1364 cm-1 with methyl groups adjacent at 1403 cm-1 both red-shifted compared to the powder 

sample. In the 1400 cm-1 region, a combination of the imine breathing vibration and the bending 

mode of the methyl groups was detected with a slight blue shift followed by a primary amine 

bond at 1522 cm-1. Lastly, deformation of the amine bond was detected again at 1522 cm-1 

followed by imine stretching at 1635 cm-1-, both blue-shifted compared to the powder, this was 

also the case for the 1652 cm-1  deformation and stretching modes of the amine and carbon 

double bonds of benzene group. In the next section, the silver sensor was used to text DLG and 

compare Raman peaks for qualitative purposes. 
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Figure 3.38:Raman spectral overlay of Dolutegravir on silver, 0.001-10 mg/ml. Acquired from 200-1800 cm-1. 532 
nm, 12 mW laser power, 100 scans, 10 seconds per scan. Insert: DLG molecular structure. 

  

A Raman spectral evaluation of the DLG on silver sensors was depicted as an overlay seen in 

figure 38 above where the vibration bands of the analyte across a series of concentrations is 

shown. The amine group seen in previous experiments was again detected at peak 244 cm-1 

followed by the stretching modes of of the imine and amine groups at peak 1272 cm-1, both 

appeared red-shifted which is the opposite of the observations made for glass and gold. A similar 

mode at 1328 cm-1 was detected, this time it was blue-shifted  by 5 cm-1 similar to the gold sensor. 

Alkyl and methyl groups were seen in the 1400 cm-1 region in deformation mode both red-shifted 

to different degrees. In the middle of the spectral range, imine and methyl contributions were 

seen in deformation and bending vibration respectively at 1425 cm-1 followed by a blue-shifted  

amine group in deformation mode at 1477 cm-1. In addition, the primary amine was again 

detected in a deformed mode at 1525 cm-1 while the amine bond reappeared 1582 cm-1, closer 

to the powder value than the gold data. At the end of the spectra,  The imine bond was observed 

stretching at 1629 cm-1 while a combination of deformed amine groups and aromatic carbon 

bonds in stretching mode arose at 1655 cm-1. Table 15 below is a summary of the Raman bands 

obtained in this study for DLG. 
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Table 3.15:Raman bands of Dolutegravir on glass, gold and silver sensors. 

 
ν=stretching, δ=rocking, ρ=bending (in plane),ω= bending (out of plane), τ= twisting, [33].   

 In the next section, statistical evaluations of the 1400 cm-1 and 1520 cm-1 bands are conducted 

similarly to the DLG experiments on the citrate based chemical sensors.  

3.4.6 Statistical analysis of Dolutegravir on glass, gold and silver chemical sensors. 

Linear curves were constructed from peak area values vs concentration of DLG samples for glass, 

gold and silver substrates and compared. The purpose was to derive the R2 and calibration 

sensitivity values for further calculations. Figure 3.39 below is a comparison of the linear curves 

for the DLG peak 1400 cm-1 which is assigned to the methyl group.  
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Figure 3.39:Linear regression analysis of Dolutegravir using the methyl group functionality (1408 cm-1). Peak area vs 
concentration on Glass (Top), Au@Cys/Au (left) and Ag@Cys/Ag (right). 

 

Figure 3.39 above shows the linear plots of the methyl group across the three substrates where 

the R2 value of glass seen on the top, produced the lowest value of 0.81 (p<0.10) and a slope or 

calibration sensitivity value of 5172. The gold sample group produced a better R2 value of 0.98 

(p< 0.01) and a slope of 47713. The data for silver was 0.97 (p<0.05) and 143566 for the R2 and 

calibration sensitivities. This trend of data is like citrate experiments where the glass produced 

the lowest outputs while gold and silver competed for the R2, with the latter dominating the 

calibration sensitivity. This outcome could be a consequence of the adsorption and chemical 

interactions, specifically hydrogen bonding between the sensors and the analyte because the 

sensors seem to outperform the plain glass surface [62]. The values explained above were used 

to determine the analytical sensitivity and limit of detection at the end of this section. In the next 

figure, a comparison of the 1520 cm-1 vibration mode is displayed with the corresponding 

parameter values.  
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Figure 3.40: Linear regression analysis of Dolutegravir using the primary amine functionality (1520 cm-1). Peak area 
vs concentration on Glass (Top), Au@Cit/Au (left) and Ag@Cit/Ag (right). 

 

The data inf figure 3.40 above shows the differences in R2 and calibration sensitivities for the 

three sample groups for the primary amine functional group. The linear plot for glass shows a R2 

value of 0.87 (p < 0.10) and a calibration sensitivity of 1972. The Au@Cys/Au sensor produced a 

R2 value 0.97 (p< 0.01) and a 34414-slope value while the silver counterpart resulted in 0.96 (p< 

0.01) and 77537 for both parameters respectively. By observation, the trend seen with the 

methyl functional group above is also the case for the primary amine where the gold has a better 

linear response than silver while the latter gives higher calibration sensitivity. These values were 

processed further to determine the analytical sensitivity and limit of detection to further explore 

the characteristics for the sensor towards the analyte DLG. The data of this group is summarized 

in Table 16 below.  
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Table 3.16: Statistical values of DLG on glass, Au@Cys/Au and Ag@Cys/Ag. 

 

From the table above, data from calculations using the peak area of the methyl group at 1400 

cm-1 and the primary amine was found at 1520 cm-1. In the former case, the trend in analytical 

sensitivity was lowest from gold at 63.11 to glass at 77.52 and silver with the highest value of 

128. This is different from the citrate experiment where the gold was higher than the glass, 

however, considering the linearity of glass, this value is not reliable because the slope of the 

curve greatly influences the sensitivity result when the standard deviation is comparable. 

Furthermore, the hydrophobicity issue of DLG in water can play a role in this trend if undissolved 

particles were detected by the Raman system. The limit of detection for methyl groups in 

deformation mode resulted in glass producing the highest value of 0.005 mg/ml while gold and 

silver sensor were 0.001 and 0.0003 mg/ml respectively. Although this trend is like the citrate 

study, the low LOD for glass is unreliable in comparison possibly due to the high slope value which 

was not the case in the former experiments. The metal sensors show a significantly higher 

analytical sensitivity as a result of the slope value coupled with good linearity. Furthermore, their 

LOD values are consistent with the range found in the citrate group. This implies molecular 

interactions between the sensor and analyte played a role in the improved response. For the 

primary amine, analytical sensitivity was highest on silver at 69.3 followed by gold 45.5 and glass 

at 29.56 respectively. The limit of detection for this functional group shows a familiar trend where 

the glass has a high value of 0.01 while gold and silver produce significantly lower values of 0.001 

and 0.0005 mg/ml, respectively. These values can be trusted because they are consistent with 

the citrate trend, and the linearity is in an acceptable range. In the next section, a selectivity and 

signal enhancement assessment of the peaks of interest was conducted to correlate the 

sensitivity and detection data seen above, with the signal response and molecular properties of 

the sensor and analyte.  
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4.  Discussion 
The previous chapter focused on reporting the results of the experiments undertaken in this 

study, with a focus on describing the spectral and statistical data post interpretation. In this 

chapter, a discussion on the morphology and surface properties of the sensors is opened using 

results from the microscopy and spectroscopy experiments to characterize the platforms. 

Secondly the physics and chemistry principles that explain the Raman shifts and chemical 

sensor’s parameters are discussed with the aim of determining the behavior of the sensors in 

response to the analytes. Furthermore, topics such as intermolecular forces, stereochemistry, 

bonding mechanisms, and peak shifting are related to chemisorption and physisorption to explain 

the statistical values observed in the results. Lastly, the data obtained is then compared to other 

methods of detection to give relevance of this study against already existing techniques. 

4.1 Surface coating, morphology, and characterization of the chemical sensors. 
The sensor fabrication process began with coating clean glass slides of silica functionality with 

gold and silver nano-thin layers. It was deemed necessary to do so to remove the interference of 

glass Raman bands which would affect the signal arising from the analytes [1-2]. Physical vapor 

deposition was the technique chosen for the first coating process because it provided the 

advantages of pristine coating of nano-thin films that can be controlled for reproducibility [3-5]. 

The results from the PVD experiments showed successful coating of gold and silver on the glass 

slides observed by the images provided in the supplementary section. Secondly, energy-

dispersive X-ray spectroscopy (EDS) experiments were conducted as an additional confirmation 

of gold and silver atoms on the coated surfaces as supplementary data (S1 and S2) [6].  

In separate experiments, MNPs of gold and silver stabilized with citrate (Au@Cit, Ag@Cit) and 

others crosslinked with cysteamine (Au@Cys, Ag@Cys) were synthesized using chemical 

reduction method. The nanoparticles were evaluated using UV-Vis and TEM for the purpose of 

confirming their presence by absorption and determining their morphology and size distribution 

respectively. From the results in 3.1, absorbance bands characteristic of gold and silver were 

detected for both crosslinkers, this was taken as confirmation [7-8]. Furthermore, silver produced 

more intense bands than gold even though a lower concentration of the silver starting material 

was used in the synthesis process. Images from the TEM experiments showed the nanoparticles 

in spherical and oval shapes, while calculations of particle sizes showed that silver nanoparticles 

yield a larger particle size distribution than gold for both crosslinkers. A conclusion can be drawn 

from the UV-Vis and TEM findings that silver was produced in relatively higher concentrations 

than gold nanoparticles as supported by the Beer Lambart law and the size distribution of the 

nanoparticles, whose values increase with sample concentration [9-10].  

After the characterization of the MNPs, the slides coated by PVD were exposed to nanoparticle 

solutions of gold and silver for each metal respectively, where adsorption of the molecules onto 

the metallic surface took place by self-assembly overnight. Thereafter, Raman microscopy 

experiments were undertaken as explained in section 3.2, where the surface morphology before 
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and after self-assembly was reported. The images showed a clear change in surface color, with a 

layer of coating clearly visible for the slides that were exposed to the nanoparticle solutions. In 

the case of gold slides, an increasing reflection from each image was observed as the layer 

thickness increased for both crosslinkers (fig 3.4 and 3.9) whereas a dimer pattern was seen for 

silver samples of similar thickness (fig 3.6 and 3.11). This can be attributed to the difference in 

response to white light by the two metals arising from their unique optical properties [11-12]. 

Nonetheless, the differences between the plain metal slides and those coated with the 

nanoparticles were efficient to confirming adsorption by optical visualization.   

Raman spectroscopy analysis of the nanoparticle coated slides was performed to evaluate the 

molecular properties of the chemical sensors. The results for citrate functionalized sensors in 

figures 3.5 and 3.7 for gold and silver respectively are reported first. The spectral data showed 

narrow peaks from gold compared to silver, with the latter containing a broad profile across the 

three samples of different layer thicknesses. In Raman terms, a broader peak profile implies the 

responding functional group is undergoing strain due to bond expansion [13]. For example, the 

stretching vibration mode of the carboxylate ion (1429 cm-1) appears broader and red-shifted on 

the silver (1425 cm-1) while on gold, the same mode is narrow with a blue-shift value of 1444 cm-

1. This means the functional group was compressed on gold, and on silver, it was detected 

expanding its bond. This observation was seen again in the 800-900 cm-1 region using the alpha 

carbon bond of the carboxylate group where the gold sample group blue-shifted as the bond 

compressed while the broader peaks of silver correspond to the bond expansion confirmed by 

the red shift below the powder sample. These trends indicate that the metal sensors exert 

intermolecular forces on each other in the hotspots for nanoparticles in proximity, causing 

detectable changes in their Raman shifts [14]. A peak area assessment of the vibrations in the 

800-900 cm-1 and 1400-1500 cm-1 regions was done in section 3.1.1 and the trends showed the 

most intense response from the silver sample group compared to the gold. This observation can 

be explained by considering the data from UV-Vis and TEM which show a higher concentration 

of nanoparticles for silver as well as the particle size consideration. At this point, it was concluded 

that the principle of plasmon effect dependence on size, coupled with the Beer Lambart law, 

holds true for the data obtained for the citrate stabilized nanoparticles [15-16]. 

The experiments conducted on cysteamine functionalized chemical sensors showed different 

Raman profiles from the citrate study. Because of its molecular structure, cysteamine can only 

bind using the thiol and amine groups which are bare lone pairs capable of hydrogen bonding 

[17]. Such interactions can be seen by the broad peaks on both gold and silver spectra on section 

3.2.2. Like citrate, the broadening arises from the adsorption of the cysteamine on the sensors in 

a geometry that causes red shifting in both metal sample groups. For example, the C-S bond 

found in the 620-696 cm-1 region showed a red shift in both the gold and silver sensors, with the 

latter baring a larger peak area as well as a further red shift trend. Similarly, the amide bond in 

the 920-980 cm-1 region also showed the same profile with silver producing the highest peak area 

value between the two metals. The results from this set of experiments show band expansion on 

both metals due to interactions between the crosslinker and the metals. By observation, the thiol 
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and amine lone pairs can engage in chemical bonding with the metal however, the data shows 

that the preferred stereochemistry is of a trans orientation with a sulphur bonded on the metal 

surface as supported by the absence of the thiol group in the 2500 cm-1 (table 3 and 4). The large 

presence of the amine groups at the end of the spectra confirms these findings [18]. In the next 

section, a discussion on the Raman spectroscopy of APIs was conducted.  

4.2 SERS on Tenofovir using gold and silver chemical sensors. 
Tenofovir (TDF) is an anti-HIV medication that bares the same structural motif as nucleic acids 

that make up cellular genetic material and its function is to block DNA replication [19]. For this 

study, the functional groups that facilitate this important process were investigated using gold 

and silver chemical sensors. In section 3.3.1, the Raman spectra of TDF on glass, Au@Cit/Au and 

Ag@Cit/Ag were reported with emphasis on the vibrational modes detected. The major 

observations from the experiments were firstly, all three substrates produced the same profile 

characteristic of TDF. However, the spectral quality of the glass sample group had was poor 

compared to the metal substrates. Molecular assessment via the adenine ring breathing (727 cm-

1) and the individual bonds within it,C=N and C-N (1318 cm-1), show unique trends in peak shifting 

behavior as well as statistical outputs. The glass sample group produced the largest Raman shift 

value for the adenine with the lowest value found on silver. This implies the ring molecule was 

more compressed in breathing mode on glass compared to the metallic sensors. Conversely, the 

imine and amine groups of the ring follow an opposite trend which confirms the possibility of 

tensile strain between the sensors and the analytes at the point of contact [20].  

The cysteamine data in section 3.4.1 shows the spectral quality of silver is better than the gold 

sample group, which is the same observation made with the citrate. Secondly, the peak shifting 

behavior of the adenine ring and its individual bonds show a similar red shifting trend found on 

the citrate data for the adenine ring however, the individual bonds of C=N and C-N had a 

substantially larger red shift in the 1318 cm-1 region for cysteamine. The possible cause can be 

the interaction between the nitrogen lone pairs of the analyte and the hydrogen atoms of the 

cysteamine engaged in hydrogen bonding, which is likely to be the first point of energy transfer 

from the sensor to the analyte in the hotspot (figure 2.3) [21]. Furthermore, the molecular size 

of cysteamine is smaller than that of citrate, which can allow the former to display more red 

shifting for the analyte caused by bond expansion within the same molecular environment.  This 

observation is further supported by the amine stretch seen at the end of the spectra (1600 cm-1) 

where the cysteamine shows a red shifting that indicates bond stretching likely caused by the 

nitrogen lone pairs and the hydrogens of the amine group, for citrate the red shift is less 

pronounced (table 5 and 11).  This contribution from the carbonyl is lesser, probably due to 

repulsion forces between the lone pairs of the respective atoms. Thus, when comparing the 

molecular behavior of both metal sensors towards the analyte, cysteamine shows a better 

response to its molecular groups  because the bulkiness and oxygen content of citrate is likely to 

cause a mixture of repulsion and attraction forces relative to the smaller amine functionalized 

cysteamine[22].  
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The statistical data from the TDF experiments were derived from the peak area values and they 

showed a better linear fit on the scaffolds compared to the glass, and this supports the difference 

in spectral quality when compared to figure 3.14. Further confirmation came from the R2 values 

for both 727 cm-1 and 1318 cm-1 vibration modes seen in the linear fits for TDF (3.3.2 and 3.4.2). 

The improved linearity can be explained by considering the adjacent amine group position on the 

molecule, which is free from steric hinderance and has more access to the chemical sensor via 

hydrogen bonding [23-24]. Table 6 summarizes the statistical outputs received from the citrate-

based experiments on TDF where the calibration sensitivity for the adenine ring breathing 

increases from glass to gold, with silver producing the best results. The analytical sensitivity also 

showed the same trend which implies a good response from the system towards minute changes 

in sample preparation. The limit of detection was also significantly improved because, apart from 

the nanoparticle effect, the sensing platform was void of interference from the glass, leading to 

better detection of both functional groups of the drug. The data from gold and silver also shows 

the LOD limit gets lower as the slope of their linear fits increases, which is supported by the 

molecular vibration data. In the case of cysteamine, table 11 shows the two metals outperform 

the plain glass substrate on all the parameters. Secondly, the parameters follow the trend of 

glass, gold and silver in terms of values for both functional groups. However, the calibration and 

analytical sensitivity values are substantially lower than the citrate sensor suspected to be caused 

by the numerous points of contact available on the sensor via the carboxylates, which are less on 

the cysteamine. This structural difference and bulkiness of the citrate molecule can create more 

surface area for adsorption which produces better sensitivity values from linear fitting. In 

addition, the data from LOD calculations (SA) indicate silver has the lowest value of approx. 3-5 

µg/ml whereas gold could use only 10 µg/ml for both crosslinkers. Interestingly, the LOD value 

for the 727 cm-1 vibration is the same for gold on both substrates however, the cysteamine sensor 

has a lower value for silver substrates. This observation also holds true for the individual bonds 

of the adenine ring where the LOD value is lower on TDF/Ag@Cys/Ag compared to 

TDF/Ag@Cit/Ag, this implies cysteamine interaction with silver is better than citrate, as seen from 

the red shift character. From these observations, it was clear that silver chemical sensors 

stabilized by cysteamine performed better than gold in the detection of TDF using the adenine 

ring motif.  

4.3 SERS on Lamivudine using gold and silver chemical sensors 
Anti-HIV medication Lamivudine is a drug that inhibits HIV growth in host cells via biochemical 

mechanisms carried out by its molecular functional groups [25]. In this study, the molecular 

vibrations of the drug were studied using gold and silver chemical sensors. The Raman 

experiments using citrate and cysteamine crosslinked MNPs were compared with glass in 

sections 3.3.3 and 3.4.3 and commonalities were established. Firstly, the spectral quality of LAM 

was more enhanced on the metal substrates compared to glass. Secondly, the Raman bands from 

the metal substrates showed an overall red shift character, with functional groups expanding 

their bond lengths in response to the laser photons and chemical sensor. Specifically, the amine 

group in the 200 cm-1 displayed the same red shift response also seen with TDF where its atoms 
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are less sterically hindered and thus can contact the substrates with more ease. This red shift is 

more pronounced on silver, which implies more bond contact on this metal compared to gold 

because of the respectively larger nanoparticle size distribution. The same remarks can be made 

for the hydroxyl group in R1 which was found in bending mode around the 400 cm-1 regions 

(3.3.3). Conversely, a blue shifting caused by bond compression is seen mostly on the bulky rings 

themselves relatively, probably from being confined between the nanoparticle hotspots and thus 

gaining energy from the sensor to move to higher frequencies. The peaks of interest studied 

during LAM experiments, 1245 cm-1 of Ring 2 and 1290 cm-1 of ring 1 showed a red shift pattern 

for the former, while blue shifting was detected for R 1. Intermolecular force considerations imply 

that the bond expansion in R2 is possible by hydrogen bonding interaction between the amine 

and the carboxylates, while compression is likely for molecules already experiencing confinement 

due to the adsorb energy coming from the hot spot [26-27].  

The outcomes from LAM experiments using cysteamine stabilized chemical sensors showed the 

same response from the amine as explained for citrate above, with silver showing the smallest 

Raman shift. This behavior implies there has been more interaction between the amines of the 

drug and silver sensor via hydrogen bonding which is possible considering the higher particle sizes 

of the silver. A red shift trend was also observed for this sample group for amine and the hydroxyl 

groups, which shows that these sterically free atoms were in contact with the metal sensors and 

undergoing tensile strain [28-29]. For the chosen peaks, the 1245 cm-1 belonging to chemical 

bonds of R2 and 1290 cm-1 of R1, a blue shift character was detected from both metals, which 

means that the molecular bonds of the functional groups compressed in response to the 

radiation. This can result from considering that cysteamine provides a less bulky and sterically 

hindered environment compared to the citrate, this may allow the rings to attempt 

chemisorption through the rings themselves. If the ring is confined in the hotspot, bond 

compression is likely to be the chosen response to the input of energy [30]. It is important to note 

that the blue shift is less on the cysteamine compared to the citrate because the latter is bulkier 

and thus would foster more bond compression than the smaller cysteamine crosslinker. 

Statistical results from the experiments were studied to make connections with the molecular 

vibrational data of the peaks of interest discussed above. Firstly, the linearity calculations of R2 

values produced the highest value for gold on both functional groups of citrate substrates, while 

silver and glass reported a lesser quality fit. The reason for the change could arise from the size 

distribution of the silver MNPs which may affect the quality linear fit since the slope is affected 

by the amplification effects from the sensor and not the concentration. In the case of a more 

evenly distributed Au@Cit particle size distribution, a better linear fit is likely. Conversely, the 

calibration sensitivity values indicate a better slope value for silver on both functional groups and 

since this parameter is independent of concentration, it gets affected by the variation in 

nanoparticle size on silver and thus may cause signal improvement by offering more surface 

plasmons [31]. Interestingly, the concentration dependent analytical sensitivity trend gave the 

highest value from gold only on R1, and this is possible because the silver sample may cause a 

higher variation due to its concentration which affects this parameter. While for the less bulky 
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R2, the concentration dependence works in its favor because analytical sensitivity is not affected 

by amplification likely caused by a larger size distribution, this is supported by the blue shift 

character seen in the Raman bands of Au@Cit/Au and Ag@Cit/Ag[32]. Numerical data from the 

cysteamine sample group showed a better linear fit from the amine group of R2 on gold, similar 

to the trend seen for the citrates again due to particle size variation.  However, R1 had the 

opposite response from the sensor with the most suitable fit coming from silver unlike the citrate 

group, the reason being the drug can access the sensor more on a less bulky cysteamine 

crosslinker, compared to the bigger citrate molecule. Furthermore, R1 is larger than the R2 when 

considering the oxygen and sulphur atoms and thus in a lesser confined cysteamine environment, 

the amplification-dependent linear fit is expected to be better on the silver platform because of 

the size distribution and surface plasmon content [33]. Secondly, the sensitivities show that gold 

again performed better on the analytical sensitivity, which is affected by the concentration of 

samples, implying the concentration of silver had a limiting effect on the data. Conversely, the 

concentration independent calibration sensitivity produced a higher value for silver, which can 

be attributed to the nanoparticle size effects. 

The limits of detection for Au@Cit/Au and Ag@Cit/Ag indicate the best performance comes from 

the latter for both functional groups, and this is likely caused by the high slope value of Ag@Cit. 

Likewise, the LOD values of cysteamine linked sensors Au@Cys/Au and Ag@Cys/Ag indicated 

lower detection values from silver for both molecular groups similar to citrate, which shows the 

consistency of silver in the detection of Lamivudine under these experimental conditions.  

4.4 SERS on Dolutegravir using gold and silver chemical sensors. 
Dolutegravir is classified as an integrase inhibitor that works by blocking the viral enzyme HIV 

integrase from transferring its DNA into the host cell. This chelation mechanism is mediated by 

binding on the magnesium atoms of the enzyme, using the fluorine atoms on the drug molecule 

[34-35]. In this section, molecular and statistical results from 3.3.5 and 3.4.5 are discussed with 

emphasis on the sensor and analyte responses via their vibrational modes. Firstly, this API group 

showed the least number of Raman bands compared to the other drugs; however, the functional 

groups in the results were sufficient to determine its structure. The peak shifting profile of the 

citrate group in 3.3.5 showed a blue shift for the amine group found in 200 cm-1 regions towards 

silver while showing the most red shift on gold and glass producing the same value. This can be 

explained by the molecular size of the analyte, which is too large to allow bond expansion like 

the other APIs and in addition. Secondly, the secondary and tertiary amines of DLG are sterically 

hindered by the cyclic motif of the drug, which hinders their ability to adsorb with the same 

efficiency as TDF and LAM. The effect of stereochemistry on Raman signals is seen on these 

amines in the 1270 cm-1 area where the steric hinderance is avoided by the hydrogen of the 

tertiary amine which makes it likely for the atom to engage in hydrogen bonding with the 

chemical sensors, allowing bond expansion between the C-N atoms. The same behavior was seen 

with the methyl group within the 1400 cm-1 area, this functional group, like the hydrogen, is not 

on the same plane as the rest of the molecule, this fact gives it room to interact with the sensors 
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and expand its bond to create a red-shift. Another similar trend was seen again for the methyl 

group in bending mode at the 1420 cm-1 region. The Ag@Cit/Ag sensor was able to cause the 

largest red shift because of the surface plasmon contribution likely being more than the 

Au@Cit/Au as seen in previous experiments. The amine group deformation mode showed a red 

shift character where steric hinderance is expected, and the reason could come from the less 

hindered secondary amine which may be accessible to the sensor when the right stereochemistry 

is adopted. This notion is supported by the trend showing the largest red shift from silver.  

The cysteamine Raman spectra showed a red shift from amine occurring again at the 200 cm-1 

and 1270 cm-1 this time with larger shifts than the citrate group, which is likely due to the less 

bulky cysteamine which can allow bond expansion of the analyte molecule. Interestingly, the 

previously red-shifted amines from the citrate group appeared in bond compression mode and 

this can be explained by the likelihood the drug molecule was able to chemisorb using the primary 

amine in the hotspot because the less bulky cysteamine contains less steric hinderance when 

compared to the citrate. The methyl group produced a red shift response likely caused by the 

stereochemistry of the molecule, preferring a less hindered orientation for adsorption and signal 

production. The deformed and sterically hindered amine produced a blue shift, unlike the citrate 

group because adsorption of the analyte could have been more on the less bulky crosslinker, 

leading to bond compression by the drug molecules stacked against each other.   

Calculations on the parameters of a sensor explored in this section of the study showed the best 

linear fit came from Au@Cit/Au for the methyl group (1400 cm-1) and the amine group 1500 cm-

1 area.  This was possible by considering that the slope of a linear fit is affected by instrument 

effects and not concentration, and thus as seen with LAM data, a more evenly distributed particle 

size from gold produced a better fit against the concentrated Ag@Cit/Ag. When considering the 

calibration sensitivity alone, the silver sensor supersedes the gold platform because the surface 

plasmon on the former offers more amplification than the gold. Ag@Cit/Ag also managed to 

outperform gold on analytical sensitivity, probably because of the former’s dependence on the 

slope value and standard, which is high for silver. The LOD values were lower for silver compared 

to the gold and this value is inversely proportional to the slope of the linear fit, which is 

considerably higher on Ag@Cit/Ag.  Cysteamine data showed the same trends as the citrate 

which implies both chemical sensors were affected in a similar way to the bulky DLG molecule. 

The gold sensor produced the best linear fit again between the metals due to the size distribution 

issue observed on silver for bulky functional groups. A large difference was seen for the 

calibration sensitivity on silver as well as the analytical sensitivity. A concern about the solubility 

of DLG in the water had an effect on the concentration dependent analytical sensitivity as seen 

for the glass values having higher than expected values compared to the other analytes. 

Nonetheless, Ag based sensor again outperformed the gold under these experimental conditions. 
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4.5 Comparisons of detection parameters against other techniques. 
In the literature review (chapter 1), different techniques involving analysis of pharmaceutical 

drugs were discussed in terms of their experimental approach and statistical performances. In 

this study, the major focus was on the linearity, sensitivity and the limit of detection obtained 

from the SERS substrates of gold and silver compared to glass for each antiretroviral medication. 

In research, techniques such as chromatography, spectrometry, voltammetry, and optical 

methods are widely used in detection and analysis of pharmaceutical agents, ARV formulations 

included.  

For chromatographic techniques, literature reports linearity values of 10-50 µg/ml and LOD 

values between 0.10-0.45 µg for both ARVs in tablet form [36]. When coupled to mass 

spectrometry, the linearity has been shown to improve to a range of 0.005-2.5 µg/ml [37]. Studies 

on bulk drugs of tenofovir, lamivudine and dolutegravir in pharmaceutical form have been 

published with linear ranges of 27-162 mg/ml using chromatographic methods [38]. 

Comparatively, as seen in tables 3.6,3.8 and 3.10 , the SERS sensors proposed in this thesis are 

within the microgram to milligram ranges that the chromatographic techniques are currently 

offering in literature. An advantage that SERS possess over this technique is the ease of use of 

the sensing platform and the simplified laser detection method. However, the chromatography 

technique is still more precise and robust compared to the Raman spectroscopy approach and 

more research into the latter is a necessity. The SERS method can be used in conjugation with 

the chromatography and spectrometry methods for a better understanding of the molecular 

behavior of the analytes.  

Voltametric methods have also taken root in the analysis of ARV formulations with high 

sensitivity and a wide linear range. Studies have reported testing of tenofovir drug formulations 

using carbon nanotubes as electrical sensors within 0.003- 0.01 µM linear range[39] while other 

research publications report linear values of 2.39-119 µM for dolutegravir using the same sensing 

platform[40]. Gold based electrodes were also explored for the detection of ARV emtricitabine, 

were a linear range of 1- 106 µM was realized. These studies show that the electrochemical 

approach on pharmaceutical analysis is a highly competitive method however, these sensors 

posses challenges such as lack of durability, reusability and a limitation in determining individual 

components of complex pharmaceutical mixtures [41]. Furthermore, the sensing platforms used 

in most of these studies, require the use of expensive molecular coatings often fabricated using 

complex synthesis techniques. The optical approach of the Raman method allows simultaneous 

determination of multiple constituents of complex mixtures based by focusing on the molecular 

properties and detecting the corresponding fingerprint.  

In short,  the chromatographic and spectrometric techniques are high in sensitivity compared to 

the Raman technique but they require complex methods and the use of expensive reagents to 

carry out experiments. On the other hand, electrochemical methods are far less complicated, yet 

they suffer from lack of repeated use of chemical sensors and multicomponent analysis. These 

issues can be overcome using the SERS method as seen from the results of this study.  
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5. Conclusion 
This research project aimed to investigate the applicability of chemical sensors for the detection 

and characterization of anti-HIV drugs. The necessity for such technology comes from the 

growing problem of substandard medication being imported onto the African continent, which 

has an extremely negative impact on the quality of life for people who need the treatment.  As a 

start, a literature survey was conducted where research into the current state of chemical sensor 

technology for small molecule applications was explored. The research methodology employed 

in this study involved the synthesis of chemical sensors using already published methods 

followed by application on Antiretroviral medications. 

Chemical sensor fabrication experiments entailed coating nano thin layers of gold and silver 

metals on the surface of plain glass slides followed by the incorporation of nanoparticles onto 

the coated surfaces for signal enhancement purposes. Spectroscopic and microscopic analysis 

showed successful synthesis and coating of the sensors on glass. Secondly, molecular 

characterization of the sensors showed bond vibrations associated with functional groups of the 

crosslinkers contained on the sensing platforms. Furthermore, the results showed a satisfactory 

reduction of the glass signal during Raman experiments which rendered the chemical sensors 

ready for application. Anti-HIV medication Tenofovir (TDF), Lamivudine (LAM) and Dolutegravir 

(DLG) were investigated using the chemical sensors where changes in Raman peaks and peak 

areas were used to determine the sensitivity and limit of detection of the sensors. Research 

findings from this study show that molecular interactions such as hydrogen bonding facilitate 

chemisorption of the analytes, which is detectable by red or blue shifting detectable by Raman 

spectroscopy. Overall, the gold sensors displayed better efficiency in sensitivity and limit of 

detection than silver when less sterically hindered molecular groups were investigated. On the 

other hand, silver sensors were better with functional groups in constrained environments where 

blue shifting because of bond compression and energy transfer was dominant. Nanoparticle size 

distribution and concentration played a major role in improving the response of the analyte to 

the sensor platform, with red shifting more pronounced on the smaller cysteamine coupled with 

gold, which bears a smaller size distribution than silver while blue shifting is evident for the 

bulkier citrate on silver. Calibration sensitivity also showed a considerable impact on the limit of 

detection of the sensor, where higher values created lower LOD values comparable with other 

techniques from similar research.  The statistical data discussed in the thesis shows that the 

methods employed are comparable with existing literature however, more work needs to be 

done to improve the values of the characterization parameters. It is important to note that the 

use of SERS specifically on ARV medication is still new and under reported and as such, this thesis 

presents a novel approach in terms of optical methods for ARV research using Raman 

spectroscopy and nanomaterial research.  

The limitations of the study arise from the inability to determine the enhancement factor at this 

point due to a lack of consistent control of the particle size distribution using the self-assembly 

method. Without a consistent size distribution, preferably a Gaussian distribution, the 
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enhancement factor will not be reproducible. Future work will involve other synthesis techniques 

such as lithography, that allow a stable size distribution and determination of SERS enhancement 

factor. 

Secondly,  other activities will include employing more advanced techniques to produce the 

sensor platforms ie; Lithography in order to have more reproducibility and higher sensitivity to 

allow improvement of the sensor characteristics. Lastly, computational modelling must be 

included to better explain the Raman shift behavior, as well as assist with designing and 

predicting reaction conditions that bring out the most optimum performance from the sensors. 

Such work is important in developing cost-effective, simplified methods for monitoring ARV 

medication as a means of assisting the health care sector with, providing quality health products 

that ensure an optimum standard of living for citizens of the African continent.  
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6. Supplementary information 

S1: Gold coated slide and EDS data   
 

 

 

S2: Silver coated slide and EDS data   
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S3: Image of mapping array used for spectral acquisition. 

 

532 nm, 12 mW power, 10x magnification, 200 µm slid width, 100 spots 10 seconds per scan, averaged 

at 3 scans 
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S4: Raman spectrum of citrate powder. 
 

 

532 nm, 12 mW power, 10x magnification, 200 µm slid width, 100 spots 10 seconds per scan, averaged 

at 3 scans  
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S5: Raman spectrum of cysteamine powder. 
 

 

 

532 nm, 12 mW power, 10x magnification, 200 µm slid width, 100 spots 10 seconds per scan, averaged 

at 3 scans   
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S6: Raman spectrum of Tenofovir (TDF) powder 
 

 

532 nm, 12 mW power, 10x magnification, 200 µm slid width, 100 spots 10 seconds per scan, averaged 

at 3 scans 
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S7: Raman spectrum of Lamivudine (LAM) powder 
 

 

532 nm, 12 mW power, 10x magnification, 200 µm slid width, 100 spots 10 seconds per scan, averaged 

at 3 scans 
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S8: Raman spectrum of Dolutegravir (DLG) powder 
 

 

 

532 nm, 12 mW power, 10x magnification, 200 µm slid width, 100 spots 10 seconds per scan, averaged 

at 3 scans 
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S9: TDF/Glass spectra 
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S10: TDF Au@Cit/Au spectra 
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S11: TDF Ag@Cit/Ag spectra 
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S12 :TDF Au@Cys/Au spectra 
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S13: TDF Ag@Cys/Ag spectra 
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S14: LAM/Glass spectra 
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S15: LAM Au@Cit/Au spectra 
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S16: LAM Ag@Cit/Ag spectra 
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S17: LAM Au@Cys/Au spectra 
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S18: LAM Ag@Cys/Ag spectra 
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S19: DLG/Glass spectra 
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S20: DLG Au@Cit/Au spectra 
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S21: DLG Ag@Cit/Ag spectra 
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S22: DLG Au@Cys/Au spectra 
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S23: DLG Ag@Cys/Ag spectra 
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C1: Nanoparticle concentration calculations 
 

In the following calculations, it was assumed that all the initial reagents used were converted into 

nanoparticles. The solution concentration, metal molar mass and Avogadro’s constants were used to 

calculate the number of nanoparticles per milliliter.  

A. Citrate nanoparticles 

        A1. Au@Citrate  

(
0.43 ∗ 10−3𝑔 

1 𝑚𝐿
) (

1 𝑚𝑜𝑙

197 𝑔
) (

6.02 ∗ 1023 𝐴𝑢 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

1 𝑚𝑜𝑙
) = 1.3 ∗ 1018  𝐴𝑢 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠/ 𝑚𝐿 

 

        A2. Ag@Citrate 

(
0.16 ∗ 10−3𝑔 

1 𝑚𝐿
) (

1 𝑚𝑜𝑙

108 𝑔
) (

6.02 ∗ 1023𝐴𝑔 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

1 𝑚𝑜𝑙
) = 9.1 ∗ 1017  𝐴𝑔 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠/ 𝑚𝐿 

 

B. Cysteamine nanoparticles 

 

B1. Au@Cysteamine 

 

(
1.4 ∗ 10−6𝑔 

1 𝑚𝐿
) (

1 𝑚𝑜𝑙

197 𝑔
) (

6.02 ∗ 1023 𝐴𝑢 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

1 𝑚𝑜𝑙
) = 4.3 ∗ 1015  𝐴𝑢 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠/ 𝑚𝐿 

 

       B2. Ag@Cysteamine 

     

(
0.1 ∗ 10−6𝑔 

1 𝑚𝐿
) (

1 𝑚𝑜𝑙

108 𝑔
) (

6.02 ∗ 1023 𝐴𝑔 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

1 𝑚𝑜𝑙
) = 5.5 ∗ 1014  𝐴𝑔 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠/ 𝑚𝐿 
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C2: Statistical calculations for TDF on glass 
 

1. Glass 

Linear regression 

 

Average standard error sm= 7.65 

1.1 727 cm-1, adenine ring 

Linear equation from figure 3.16. 𝑦 = 670.54𝑥 − 64.73, 𝑅2 = 0.86;  𝑛 = 5; 𝑝 < 0.10  

Standard deviation: 𝑠 = 𝑠𝑚 × √5 = 7.65 × 2.23 = 17.1  

Mean peak area= 2282 

𝑅𝑆𝐷 =
𝑠

𝑥(𝑚𝑒𝑎𝑛)
× 100 =

17.1

2282
× 100 = 0.74 % 

 

Calibration sensitivity (m)= 670.54 

Analytical sensitivity: 𝛾 =
𝑚

𝑠
=

670.54

17.1
= 39.2 

Limit of detection:  

 𝑆𝑚 = 𝑆𝑏𝑙    + ksbl         𝑆𝑏𝑙    = 3; k=3, sm (blank)= 5.37784  

𝑠𝑏𝑙 = 5.377x2.23= 11.99 
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𝑆𝑚 = 3 + 3(5.377𝑥2.23) = 38.9 

𝐶𝑚 =
𝑆𝑚 − 𝑆𝑏𝑙

𝑚
=  

38.9 − 11.99

670.54
= 0.05 𝑚𝑔/𝑚𝑙 

 

 

1.2 1318 cm-1, ring bonds 

Linear equation from figure 3.18 for: 𝑦 = 736.2𝑥 − 441.2, 𝑅2 = 0.91;  𝑛 = 5; 𝑝 < 0.05 

Standard deviation: 𝑠 = 𝑠𝑚 × √5 = 7.65 × 2.23 = 17.1  

Mean peak area= 2315 

𝑅𝑆𝐷 =
𝑠

𝑥(𝑚𝑒𝑎𝑛)
× 100 =

17.1

2135
× 100 = 0.75 % 

 

Calibration sensitivity (m)= 736.2 

Analytical sensitivity: 𝛾 =
𝑚

𝑠
=

736.2

17.1
= 39.2 

Limit of detection (cm):  

 𝑆𝑚 = 𝑆𝑏𝑙    + ksbl         𝑆𝑏𝑙    = 3; k=3, sm (blank)= 5.37784  

𝑠𝑏𝑙 = 5.377x2.23= 11.99 

𝑆𝑚 = 3 + 3(5.377𝑥2.23) = 38.9 

𝐶𝑚 =
𝑆𝑚 − 𝑆𝑏𝑙

𝑚
=  

38.9 − 11.99

736.2
= 0.04 𝑚𝑔/𝑚𝑙 

 

 

C3: Statistical calculations for TDF on Au@Cit/Au 
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Average standard error sm= 115.43 

2.1 727 cm-1, Adenine ring 

Linear equation from figure 3.17. 𝑦 = 14761𝑥 − 11990, 𝑅2 = 0.98;  𝑛 = 5; 𝑝 < 0.01  

Standard deviation: 𝑠 = 𝑠𝑚 × √5 = 115.43 × 2.23 = 258  

Mean peak area= 39673 

𝑅𝑆𝐷 =
𝑠

𝑥(𝑚𝑒𝑎𝑛)
× 100 =

258

39673
× 100 = 0.64 % 

 

Calibration sensitivity (m)= 14761 

Analytical sensitivity: 𝛾 =
𝑚

𝑠
=

14761

258
= 57.2 

Limit of detection:  

 𝑆𝑚 = 𝑆𝑏𝑙    + ksbl         𝑆𝑏𝑙    = 3; k=3, sm (blank)= 26.2 

𝑠𝑏𝑙 = 26.2 × 2.23 

𝑆𝑚 = 3 + 3(26.2𝑥2.23) =178.3 

𝐶𝑚 =
𝑆𝑚 − 𝑆𝑏𝑙

𝑚
=  

178.3 − 0

14761
= 0.01 𝑚𝑔/𝑚𝑙 

 

2.2 1318 cm-1, Ring bonds 
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Average standard error sm= 115.43 

Linear equation from figure 3.18. 𝑦 = 18692𝑥 − 15650, 𝑅2 = 0.98;  𝑛 = 5; 𝑝 < 0.01  

Standard deviation : 𝑠 = 𝑠𝑚 ×  √5 = 115.43 × 2.23 = 258  

Mean peak area= 49772 

𝑅𝑆𝐷 =
𝑠

𝑥(𝑚𝑒𝑎𝑛)
× 100 =

258

49772
× 100 = 0.51 % 

 

Calibration sensitivity (m)= 18692 

Analytical sensitivity: 𝛾 =
𝑚

𝑠
=

18692

258
= 72.4 

Limit of detection:  

 𝑆𝑚 = 𝑆𝑏𝑙    + ksbl         𝑆𝑏𝑙    = 3; k=3, sm (blank)= 26.2 

𝑠𝑏𝑙 = 26.2 × 2.23 

𝑆𝑚 = 3 + 3(26.2𝑥2.23) =178.3 

𝐶𝑚 =
𝑆𝑚 − 𝑆𝑏𝑙

𝑚
=  

178.3 − 0

18692
= 0.009 𝑚𝑔/𝑚𝑙 

 

 

 

 

C4: Statistical calculations for TDF on Ag@Cit/Ag 
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Average standard error sm= 238.56 

3.1 727 cm-1, Adenine ring 

Linear equation from figure 3.17. 𝑦 = 33566𝑥 − 36562, 𝑅2 = 0.97;  𝑛 = 5; 𝑝 < 0.01  

Standard deviation : 𝑠 = 𝑠𝑚 ×  √5 = 238.56 × 2.23 = 531  

Mean peak area= 80920.8 

𝑅𝑆𝐷 =
𝑠

𝑥(𝑚𝑒𝑎𝑛)
× 100 =

531

80920.8
× 100 = 0.65 % 

 

Calibration sensitivity (m)= 33566 

Analytical sensitivity: 𝛾 =
𝑚

𝑠
=

33566

238.56
= 53 

Limit of detection:  

 𝑆𝑚 = 𝑆𝑏𝑙    + ksbl         𝑆𝑏𝑙    = 3; k=3, sm (blank)= 26.2 

𝑠𝑏𝑙 = 26.2 × 2.23 

𝑆𝑚 = 3 + 3(26.2𝑥2.23) =178.3 

𝐶𝑚 =
𝑆𝑚 − 𝑆𝑏𝑙

𝑚
=  

178.3 − 0

33566
= 0.005𝑚𝑔/𝑚𝑙 

 

3.2 1318 cm-1, Ring bonds 
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Linear equation from figure 3.18. 𝑦 = 28551𝑥 − 30647, 𝑅2 = 0.97;  𝑛 = 5; 𝑝 < 0.01  

Standard deviation : 𝑠 = 𝑠𝑚 ×  √5 = 238.56 × 2.23 = 531  

Mean peak area= 69283.5 

𝑅𝑆𝐷 =
𝑠

𝑥(𝑚𝑒𝑎𝑛)
× 100 =

531

69283.5
× 100 = 0.76 % 

 

Calibration sensitivity (m)= 33566 

Analytical sensitivity: 𝛾 =
𝑚

𝑠
=

28551

238.56
= 119.7 

Limit of detection:  

 𝑆𝑚 = 𝑆𝑏𝑙    + ksbl         𝑆𝑏𝑙    = 3; k=3, sm (blank)= 26.2 

𝑠𝑏𝑙 = 26.2 × 2.23 

𝑆𝑚 = 3 + 3(26.2𝑥2.23) =178.3 

𝐶𝑚 =
𝑆𝑚 − 𝑆𝑏𝑙

𝑚
=  

178.3 − 0

28551
= 0.006𝑚𝑔/𝑚𝑙 
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ST1: TDF/Au@Cys/Au 
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ST2: TDF/Ag@Cys/Ag 
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ST3: LAM/Glass 
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ST4: LAM/Au@Cit/Au 
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ST5: LAM/Ag@Cit/Ag 
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ST7: LAM/Au@Cys/Au 

 

  



167 
 

ST8: LAM/Ag@Cys/Ag 
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ST9: DLG/Glass 
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ST 10: DLG/Au@Cit/Au 
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ST 11: DLG/Ag@Cit/Ag 
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ST 12: DLG/Au@Cys/Au 
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ST 13: DLG/Ag@Cys/Ag 
 

 

 




