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ABSTRACT 

Sopaj, Lirim M.S., Department of Chemistry, Wright State University, 2022. 
Fabrication and Characterization of Novel AgNPs Functionalized with 
Chlorothymol (C@AgNPs) 

  
 

In this study, novel silver nanoparticles (AgNPs) were successfully 

synthesized and functionalized with an antibacterial agent, namely 

chlorothymol (denoted C@AgNPs). The resulting colloid (C@AgNPs) was 

purified by two comparative methods: ultrafiltration and ultracentrifugation. 

Ultrafiltration proved to be more efficient in purifying and size selecting (10 kD 

filter) and concentrating the C@AgNPs than ultracentrifugation. The 

physicochemical properties of the filtered C@AgNPs were then characterized 

by UV-Vis absorption spectroscopy, inductively coupled plasma optical 

emission spectroscopy (ICP-OES), Raman spectroscopy, Cytoviva 

hyperspectral imaging, and Scanning electron microscopy. These 

measurements confirmed the functionalization of the core AgNPs with 

chlorothymol and suggest the proposed mechanism of C@AgNP formation 

through a coordinate covalent bond between the oxygen atom of 

chlorothymol and the Ag atoms at the nano surface.
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Introduction  

Silver has been known for its antibacterial activity for more than 2,000 

years and is incorporated as nano silver into numerous consumer products 

due to its antimicrobial properties.1 Examples of such products include dental 

resin composites, coating of medical devices, air sanitizers spray, pillows, 

socks, wet wipes, detergents, soaps, shampoos, and toothpastes.1 

Silver nanoparticles (AgNPs) range between 1-100 nm in size and their 

antibacterial activity was related to cell membrane damage and the 

generation of reactive oxygen species (ROS).2, 3  Cell membrane damage was 

associated with the AgNPs’ interaction with thiol groups residing in the cell 

wall, which lead to the inactivation of the membrane-bound enzymes and 

proteins.4 In addition, the presence of the AgNPs at the cell membrane results 

in an increase of the trans/cis ratio of unsaturated fatty acids, which causes a 

permanent loss of membrane integrity and increased permeability.4 

Generation of ROS species (e.g., hydroxyl radicals and superoxide radicals) 

is associated with the oxidation of the double bonds of fatty acids. Silver (soft 

acid) can also damage the DNA of a living cell as the result of its direct 

interaction with phosphorous and sulfur (soft bases), which are major 

components of the cell DNA.5 Increasing the size of AgNPs to sub ~10 nm 

has been shown to increase their antibacterial activity.2, 4 This is due to the 

increase of the surface area to volume (SA/V) ratio with the decrease in the 

particle size.6 
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In addition, small AgNPs (~5 nm) are accompanied by an excess energy at 

the surface because of the sharp increase in their band gap energy,3 which 

causes crystallographic changes such as rearrangements of the surface 

atoms and enhances their direct interaction with bacteria cells.3, 7, 8 

Functionalization of NPs enhances or improves specific properties by 

introducing chemicals or biomolecules to the surface via covalent or non-

covalent binding to the NP surface.9 Functionalization affects NP 

characteristics such as size, charge, surface chemistry, hydrophilicity, and 

hydrophobicity, which in turn can impact their solubility, biocompatibility, and 

biodistribution.7, 9 For example, functionalization of AgNPs with thymol (Figure 

1) was observed to increase the antibacterial properties of AgNPs.10 This 

synthesis was achieved by first encapsulating core AgNPs into a chitosan 

layer, a natural polycationic linear polysaccharide,11 which then served as an 

anchoring point for thymol.10 These AgNPs functionalized with thymol had a 

relatively small mean diameter (28.98 nm), good stability in water, but very 

limited loading efficiency (3.5 ± 1 %).10 

 

Figure 1. Chemical structure of thymol (made in ©BioRender-biorender.com). 

1 
2 

3 

4 

5 
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Thymol (2-isopropyl-5-methylphenol) is a naturally occurring 

monoterpenoid phenolic organic compound, which is present in the essential 

oils extracted from the thyme plant (Figure 1).12 At neutral pH, it is poorly 

soluble in water but soluble in organic solvents such as alcohols.13 Thymol is 

an U.S. Food and Drug Administration (FDA)-approved food additive and is 

Generally Recognized As a Safe (GRAS) product.14 A substance can be 

classified as GRAS by the U.S. FDA, only if there is enough available data 

about the safety of its use. This means that the scientific studies must 

conclude with a reasonable certainty that the substance is not harmful for the 

intended use as direct food additive.15 Due to its antioxidant, antimicrobial, 

antifungal, and anti-inflammatory properties, thymol has been used as an 

alternative treatment for cavities and dental plaques.12  

Chlorothymol is a halogenated derivative of thymol (Figure 2), which is 

synthetically manufactured,16 but relatively inexpensive (less than $2 per 

gram).17 Previous studies have evaluated the antimicrobial, antifungal, 

antimalarial, and antiseizure properties of chlorthymol.17,18 However, 

chlorothymol is not established yet as a Generally Recognized as Safe 

(GRAS) product.19 As of May 7th, 1991, chlorothymol was U.S. FDA-approved 

as a topical antifungal drug for diaper rash products 20 and as a denaturant for 

alcoholic solutions of antiseptics, perfumes, shampoos, soap preparations, 

disinfectants, insecticides, fungicides, sterilizing, and preserving agents.19 
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Figure 2. Chemical structure of chlorothymol with numbered carbon atoms on 

the aromatic ring (made in ©BioRender- biorender.com). 

 

Chlorothymol was found to exhibit enhanced antibacterial properties 

when compared to thymol due to the presence of the chlorine atom at the 

position #4 in the phenol ring.16 The antibacterial properties of different 

halogenated derivatives of thymol, which introduce a chlorine atom at 

positions #3 and/or #4, or a bromine atom at position #6, were also 

investigated.16 Chlorothymol having the chlorine atom at the position #4 had 

the highest antibacterial activity, while all other positions resulted in the 

complete loss of antibacterial activity.16 However, no mechanistic explanation 

was provided for the enhanced antibacterial activity of chlorothymol when 

compared to thymol alone or other substituted thymol structures (Cl, Br, and 

I).16 To the best of our knowledge, this is the first study focusing on the 

functionalization of AgNPs with chlorothymol. Once fabricated, these AgNPs 
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were purified by two comparative methods (ultracentrifugation and 

ultrafiltration) and were characterized by UV-Vis absorption spectroscopy, 

inductively coupled plasma optical emission spectroscopy (ICP-OES), Raman 

spectroscopy, Cytoviva enhanced dark imaging, and scanning electron 

microscopy (SEM). 

UV-Vis absorption spectroscopy was selected to confirm the formation 

of AgNPs through the surface plasmon resonance (SPR) effect and stability 

overtime. UV-Vis absorption spectroscopy measures the amount of light (UV 

or visible light) absorbed or transmitted through a sample when compared to 

a reference sample.21 Metal nanoparticles such as silver or gold NPs, tend to 

strongly interact with specific wavelengths of the light, thus providing unique 

optical properties. Exposure of metal nanoparticles with free conduction 

electrons on their surface atoms to light causes their collective oscillation.22 

This polarization of the free conduction electrons on the NP surface and 

creation of an internal E field is known as the surface plasmon resonance 

(SPR) effect.22 Silver is known to have the strongest plasmonic interaction 

with light 23 and its SPR lies in the UV region.24 The SPR of silver NPs was 

observed to shift to shorter wavelengths, when the size of the NPs 

decreased.24 In a typical UV-Vis measurement, the photons that are not 

absorbed or scattered by the sample are measured. This is known as the 

transmittance of a sample expressed as I/I0, where I is the intensity of 

photons that have passed through the sample, and I0 the incident photons. 

However, it is very common to represent the UV-Vis measurement as 
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Absorbance (A) where the relationship between the absorbance and 

transmittance is A= -log10 (T).25 In the near infrared region (IR), where most 

NP samples do not absorb, the transmittance is almost 100 %. In the 

ultraviolet region (UV) where the samples absorb, the transmittance is in 

indirect proportion with concentration: the less concentrated the sample, the 

greater the transmittance value.25 The UV-Vis spectroscopy also provides 

information about the stability of the NP suspensions. If NP-aggregates are 

present in the sample, the optical properties of the NPs change, and this 

change is accompanied by a shift of the characteristic SPR peaks to lower 

energy. NP-aggregation may also cause a peak broadening or the 

appearance of secondary peaks at longer wavelengths.25 However, UV-Vis 

spectroscopy provides limited qualitative information (it is able to identify only 

the compounds containing chromophore groups in their structure) and it is not 

suitable for multicomponent analysis.26 

 Inductively coupled plasma-optical emission spectroscopy (ICP-OES), 

a well-established analytical technique,27 was selected for the quantification 

of Ag down to low parts per billion (ppb) level. ICP-OES is commonly utilized 

for the detection of metal ions such Ag and Pb in wastewater or rice 

samples.27 In this study, ICP-OES facilitated the determination of the total Ag 

concentration before and after the NP functionalization with chlorothymol. To 

achieve this, calibrating solutions with known concentrations of the analyte 

elements and the sample solutions were introduced into the plasma and 

measured at specific light wavelength of the analyte line (e.g., 328.068 and 
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338.289 nm for Ag).2, 28 A calibration curve of the Ag calibration solutions 

using the corresponding emission intensities was then prepared and utilized 

for the estimation of the total Ag concentration in the sample, through 

interpolation.28 ICP-OES advantages include rapid and simultaneous 

multielement analysis, low detection limits (ppb), high precision (0.5 %- 5%), 

small interference from the matrix, and measurement of samples in all 

physical states. ICP-OES disadvantages consist of potential spectral 

interferences, difficulty analyzing solids without dissolution, and /or insufficient 

sample aspiration.27 

Raman spectroscopy was employed to characterize the chemical 

functionalization of AgNP surface with chlorothymol. Changes in the Raman 

spectral profile of the colloidal AgNPs after exposure to chlorothymol such as 

significant differences in peak intensity, peak shifts, or appearance of new 

peaks are indicative of a possible chemical interaction of AgNPs with 

chlorothymol. Raman spectroscopy is a non-destructive and non-invasive 

molecular fingerprinting technique, which can provide real-time information 

about the AgNP-chlorothymol interaction at the molecular level.29 The Raman 

peaks in the spectrum represent the “molecular fingerprint” of the sample, 

which facilitate the identification of Raman active chemical bonds (e.g., 

molecules exhibiting change in the polarizability tensor).29 Raman 

spectroscopy utilizes the inelastic scattering properties of the sample, and it is 

based on Raman effect (the frequency of the scattered radiation is different 

from the frequency of the incident monochromatic radiation).30 Briefly, the 
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scattered radiation is observed after the interaction of sample with 

monochromatic laser beam. This scattered radiation has a frequency that is 

different from the incident radiation and is utilized to construct the Raman 

spectrum. The Raman spectrum is plotted as intensity-versus-wavelength 

shift, typically in the 100-4000 cm-1 range. 30 Disadvantages include limited 

detection capabilities at low analyte concentrations (i.e., only one out of ~106 

incident photons will inelastic scattering effects) and potential fluorescence 

interferences.31  

 

CytoViva hyperspectral imaging was utilized to study interaction of 

AgNPs with chlorothymol. More specifically, it helped monitor the size 

distribution of AgNPs before and after functionalization with chlorothymol 

molecules. In CytoViva, the sample is illuminated with light and unique 

profiles of scattered light are generated as the interaction between light and 

sample occurs. These unique profiles are represented as spectral signatures 

and are characteristic for each target. The generated images exhibit 

enhanced contrast signal to noise ratio due to dark field illumination. Dark 

field illumination is achieved by a special size disc that blocks the illumination 

so that only the inclined rays interact with the sample.32                                  

The incoming scattered light from the sample appears as bright spots while all 

the other objects with similar but not the same refractive indexes are 

considered as the background.32 CytoViva enhanced darkfield imaging offers 

an improved signal to noise ratio (up to ten times) when compared to 
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standard darkfield imaging and facilitates the visualization of NPs as small as 

10 nm in solutions or cells. It is often used to study the interaction of NPs with 

cells and the effect of nanoparticles on the cells being studied.32, 33 

Furthermore, fast, and rapid measurements can be completed with minimal 

sample preparation.33 This is a new technology with promising applications in 

nanoscience and nanotechnology. However, CytoViva hyperspectral libraries 

are usually not available for the discrimination of nanomaterials in translucent 

matrices such as cell and tissues.34 

In this project, scanning electron microscopy (SEM) was employed for 

imaging AgNPs (size and size distribution) and for conducting a chemical 

composition analysis of AgNPs after functionalization with chlorothymol. SEM 

is an imaging technique that uses a high energy beam of electrons to gain 

information about the surface of solid samples. Briefly, it can provide 

information about the size, shape, crystalline structure, and surface 

morphology of both micro and nano scale samples. The SEM images can be 

analyzed using specialized software (e.g., ImageJ) to create size histograms 

with detailed information about the size distribution and the aggregation of 

AgNPs.35 Briefly, a high energy beam of electrons interacts with the sample 

and different type of signals are observed: secondary electrons, 

backscattered electrons, diffracted backscattered electrons, and photons (X-

ray). Secondary and backscattered electrons produce SEM images, while 

diffracted backscattered electrons may be used to determine the crystalline 

structure. X-rays may be used to determine elemental composition as the 
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result of the interaction (collision) between the incident electrons with the 

electrons residing in specific orbitals of atoms of the sample. The excited 

electrons release X-rays with a specific wavelength, when returning to the 

lower energy state.36                                                                                     

Each element produces characteristic X-rays, thus making it possible to 

precisely differentiate multiple elements within a sample.36  
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Main Goal and Specific Aims 

Main Goal: The main objective of this study to fabricate and characterize 

novel silver nanoparticles (AgNPs) functionalized with chlorothymol.  

Specific Aim 1: To synthesize, size select, concentrate, and purify core 

AgNPs and AgNPs functionalized with chlorothymol by two comparative 

methods, namely ultracentrifugation and ultrafiltration. 

Specific Aim 2: To characterize the physicochemical properties of AgNPs 

using UV-vis absorption spectroscopy, inductively coupled plasma-optical 

emission spectroscopy (ICP-OES), Raman spectroscopy, CytoViva 

hyperspectral imaging, and scanning electron microscopy (SEM)
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Material and Methods 

Materials 

Silver nitrate (>99%, AgNO3), sodium borohydride (99 %, NaBH4), and 

ethanol (99%, CH3CH2OH) were purchased from Acros Organics. 4-

Chlorothymol (99%) was obtained from Sigma Aldrich. All chemicals in this 

study were used without further modification. High quality water (>18 MΩ cm, 

HQ water) was utilized as solvent for the preparation of the sodium 

borohydride and silver nitrate reagent solutions. OPTIMA grade nitric acid 

(HNO3) was obtained for the trace metal analysis by ICP-OES. 

Synthesis of core silver nanoparticles (AgNPs) 

Core AgNPs (3.8 L) were synthesized following the Creighton method 

modified by our lab, through the reduction of Ag+ ions from AgNO3 to silver 

zero in an ice-cold, aqueous solution of NaBH4.37 Briefly, a 2 mM of NaBH4 

solution was prepared in 150 mL of cold water (4 °C) and 25 mL of 1.0 mM 

AgNO3 solution was then added dropwise to this solution. The solution was 

continuously stirred with a magnetic bar (350 rpm) for 1 hour. The change in 

color from colorless to light yellow indicated the formation of the core, 

colloidal AgNPs. The core AgNPs were stabilized for another 1 hour under 

constant stirring and then stored at 4 °C for further characterization. The 

desired volume (3.8 L) was achieved in a batch-wise process utilizing the 

modified Creighton method.37, 38 
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The resulting colloid of AgNPs was characterized via UV-Vis absorption 

spectroscopy, Raman spectroscopy, CytoViva hyperspectral imaging, and 

scanning electron microscopy (SEM).

Functionalization of silver nanoparticles with chlorothymol (C@AgNPs) 

Equal volumes (10 mL) of core AgNPs suspensions and chlorothymol 

(0.5 g dissolved in 100 mL of ethanol, 99%) were mixed with continuous 

stirring (350 rpm), for 5 minutes (Figure 3). The resulting suspension was 

mixed in a water bath sonicator (Mettler Electronics corp.), at 35 °C, for 2 

hours. The change of color to a muddy brown confirmed the loading of 

chlorothymol to the surface of core AgNPs. Two comparative methods were 

utilized for the purification of the C@AgNPs: ultracentrifugation and 

ultrafiltration. 
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Figure 3. Schematic of the synthesis, functionalization with chlorothymol, 

purification, and physicochemical characterization processes of C@AgNPs 

(made in ©BioRender -biorender.com). 
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Ultrafiltration of core AgNPs and AgNPs functionalized with 

chlorothymol (C@AgNPs) 

First, AgNPs suspensions were filtered by the automated ultrafiltration using a 

500 kD and a 10 kD mPES filter (Spectrum Labs, Inc.) in a tangential flow 

filtration (TFF) system (Spectrum Labs, Inc) as described below. The two-step 

TFF procedure was employed to purify, size-select, and concentrate the original, 

core AgNPs and C@AgNPs. Briefly, the colloidal suspension was aspirated and 

subsequently pushed by a peristaltic pump (KrosFlo ® KR2i, 250 mL min-1) 

through two hollow fiber membrane filters of 500 kD and 10 kD. Solids (i.e., core 

AgNPs and C@AgNPs) larger than the pore size of the filter were collected in a 

retentate flask and stored for further characterization, while those smaller than 

the pore size were denoted as permeate. The permeate was mainly composed of 

solvent (water molecules), small core AgNPs, and excess reagents (free 

chlorothymol molecules) (Figure 4).39 

In this study, 3.8 L of colloidal AgNPs were first filtered using a 500 kD 

modified polyether sulfone (mPES) hollow-fiber filter membrane (Spectrum 

Labs, Inc., 20 cm2) (Figure 4). This yielded a concentrated retentate (80 mL) 

and a filtrate (3.65 L). The filtrate (3.65 L) was further processed using a 10 

kD modified polyether sulfone (mPES, 20 cm2) hollow-fiber filter membrane 

(Spectrum Labs, Inc.). This resulted into 85 mL of ultraconcentrated retentate, 
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which was stored at 4 °C and used within 2 weeks. After functionalization, 

500 mL of C@AgNPs were first filtered through a 0.45 μm nitrocellulose 

membrane filter (Fisher Scientific). The filtrate (490 mL) was collected and 

processed using a 10 kD mPES filter (Spectrum Labs, Inc.) down to a ~ 50 

mL of final 10 kD retentate. The final 10 kD suspension containing AgNPs 

functionalized with chlorothymol, C@AgNPs, were stored at 4 °C until 

characterization. 

 

Ultracentrifugation of AgNPs functionalized with chlorothymol 

(C@AgNPs) 

Ultracentrifugation (Mettler Electronics Corp.) was performed at 13,000 rpm 

(21,161 G) to separate the pellet containing the functionalized AgNPs 

(C@AgNPs) from the supernatant having free chlorothymol molecules and 

smaller particulates. The pellet was resuspended in 2.5 mL deionized water, 

while the supernatant was saved for later analysis. 
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Figure 4. Schematic of the Tangential Flow Filtration (TFF) working principle 

using hollow membrane fibers of a certain pore size. The retentate contains 

silver nanoparticles (AgNPs) that are larger than the pore size, while the 

permeate contain AgNPs that are smaller than the pore size (made in 

©BioRender -biorender.com). 
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UV-Vis absorption spectroscopy of core AgNPs and C@AgNPs 

Small aliquots (~1 mL) of the ultrafiltration and ultracentrifugation 

concentrates of AgNPs and C@AgNPs were diluted with 2.5 mL of HQ water 

and placed in a quartz cuvette (1 cm path length). UV-Vis absorption spectra 

were recorded using a Varian Cary Bio 50 spectrophotometer, at a fast scan 

rate of 4800 nm min-1, from 200 nm to 800 nm. Spectral resolution was 1 nm. 

Origin 8 pro software was utilized for data processing.2, 38

 

Raman spectroscopy of core AgNPs and ultrafiltered C@AgNPs 

Small aliquots (~1 mL) of core AgNPs and ultrafiltered C@AgNPs were 

transferred to 2 mL quartz cuvettes and diluted with HQ water to the top of the 

cuvette. Their respective Raman spectra were collected using a LabRam HR-

800 (Horiba Jobin Yvon, Inc.) system equipped with an internal laser beam 

(632.8 nm, 15 mW output) of a spot diameter of ~1 μm. The BX41 

microscope coupled to an Olympus objective (100x) and a confocal hole of 

300 μm were employed. A thermoelectrically cooled CCD detector (1024 x 

256 pixels) was employed for the data collection in the 100-400 cm-1 spectral 

range, at 3 cycles, with acquisition times of 30 s. Spectral resolution was ~1 

cm-1. The spectra were collected in LabSpec v.5 and processed in Origin 8 

pro software.2, 38
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SEM analysis on core AgNPs and ultrafiltered C@AgNPs 

Approximately 1 mL of core AgNPs, ultracentrifuged C@AgNPs, and ultrafiltered 

C@AgNPs were deposited through drop casting onto stem stubs. The samples 

were then allowed to dry for 4 days, at room temperature, prior to performing the 

SEM analysis. The microstructure of the components was examined using an 

Apreo FESEM, at an operating voltage of 15 kV and a working distance of 10 

nm. 

SEM images, electron dispersive X-ray spectroscopy (EDS), and electron 

backscatter diffraction (EBSD) data were collected from specimens with the help 

of a FEI Apreo scanning electron microscope (SEM) equipped with Oxford N-

Max EDX and Oxford Symmetry EBSD detectors. 
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Inductively coupled plasma-optical emission spectroscopy (ICP-OES) of 

core AgNPs and ultrafiltered C@AgNPs 

ICP-OES uses a partially ionized argon gas produced in a quartz torch, 

where the sample is introduced into the center of the plasma as aerosols. The 

analyte signal or the emission intensity depends on the number of ions 

(analyte ions or atoms) that are excited from the sample.28 

Core AgNPs and ultrafiltered C@AgNPs samples (10 μL each) were 

cold digested by mixing with 3.0 mL of OPTIMA grade HNO3, for 15 minutes, 

at room temperature. Hot digestion was followed by heating at 275 °C, until 

the volume was reduced to ~10 μL. The samples were then diluted in 10 mL 

volumetric flasks with 286 μL of OPTIMA grade HNO3 and HQ water to a final 

2% HNO3.                                                                                                          

A Varian 710 ICP-OES instrument equipped with a SPS 3 autosampler was 

utilized for the sample analysis at a pump rate of 2 mL min-1. A sample uptake 

of 40 s and a triplicate read time of 15 s were applied. Thirteen standards (0, 

25, 50, 75, 100, 125, 150,  200, 300, 400, 500, 600, and 700 μg L-1) were 

prepared through dilution in 2% OPTIMA grade HNO3, from a Ag+ stock (1000 

mg L-1, SPEX CertiPrep) and were utilized in the creation of an external 

calibration curve. The analysis was carried out using the two most intense 

emission wavelengths of Ag at 328.068 nm and 338.289 nm. The total Ag 
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amounts in each sample were then determined through interpolation, from the 

calibration curve, in the Origin 8 pro software.2

 

Cytoviva Hyperspectral Microscopy of core AgNPs and ultrafiltered 

C@AgNPs 

Small aliquots (~5 μL) of core AgNPs and ultrafiltered C@AgNPs were 

carefully deposited onto a glass microscope slide, covered with a glass 

microscope slip, and sealed with clear nail polish. The glass slides were 

allowed to dry for 2 hours and imaged in a CytoViva enhanced darkfield 

microscope (Olympus BX53) equipped with a 50 W halogen light source. A 

VNIR spectrophotometer (400-1000 nm) was utilized to perform sample 

imaging (10x Air objective, 60x, and 100x oil immersion objectives). A full 

scan of 696 lines (696 x 696 pixels) was employed using 60x and 100x oil 

immersion objectives and exposure times of 0.25-1.0 s. The ENVI 4.8 

software was employed for the collection of hyperspectral data.38
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Results and Discussion 

Synthesis of core AgNPs and C@AgNPs 

Silver nanoparticles were synthesized through the reduction of Ag+ from 

AgNO3 with NaBH4.37 This Creighton silver colloid is moderately dispersed in 

size and consists of mostly small AgNPs of an average diameter of ~10 nm 

(denoted core AgNPs).40 The synthesis was carried out in excess NaBH4 and 

ice-cold HQ water (Figure 5). The formation of core AgNPs was signaled by a 

change in color from colorless to a stable light yellow (Figure 6a). The basic 

reaction for the formation of core AgNPs is described in equation (1).41 

AgNO3 + NaBH4(excess) + 4H2O          Ag0 + NaNO3 + B(OH)3 + 4H2 + NaOH       (1)
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Figure 5. Step by step procedure for the synthesis of silver nanoparticles 

(AgNPs) via the modified Creighton method (made in ©BioRender -

biorender.com). 

 

 Chlorothymol, the thymol derivative, was then utilized in the 

functionalization process of the core AgNPs. To the best of our knowledge, 

this is the first-time functionalization of Creighton core AgNPs with 

chorothymol (denoted C@AgNPs) was successfully explored. The colloidal 

C@AgNPs appeared muddy brown (Figure 6b) and were dispersed through 

ultrasonication. Ultrasonication was reported to decrease agglomeration and 

stimulate chemical reactions through collisions.42 It also promotes the 

900 mL of 2 mM NaBH4 

300 mL of 1 mM AgNO3 

Stir for 5 min. 

1 drop/sec. Stir for 45 min. - 1 hr.  
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formation of monodisperse organic hybrid materials containing NPs due to the 

resulting ultra-high surface area.42 In this study, the use of ultrasonication led 

to a colloid that was stable for longer time periods (> 45 days, 4°C) when 

compared to the non-ultrasonicated C@AgNPs, which had a shelf life-time of 

about two weeks, at 4°C.38 The stability of the colloidal C@AgNPs was 

confirmed via UV-Vis absorption measurements over the course of 45 days 

(Figure 7b). The ultrasonicated C@AgNPs were then ultrafiltered and 

ultracentrifuged as described in the Materials and Methods section for 

purification and separation from unbound chlorothymol molecules.  

 

Figure 6. Physical appearance of: (a) core AgNPs (light yellow color) and (b) 

core AgNPs functionalized with chlorothymol, C@AgNPs (muddy brown 

color). 

 

 

a b 
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Characterization of core AgNPs and C@AgNPs 

UV-Vis Absorption Spectrophotometry - The formation of core AgNPs was 

confirmed by the appearance of a surface plasmon resonance peak (SPR) at 

400 nm. Functionalization of AgNPs with chlorothymol resulted in a shift of 

this SPR peak to 414 nm for the ultrafiltered C@AgNPs and 440 nm for the 

ultracentrifuged C@AgNPs at one day after synthesis (Figure 7a). The UV-

Vis absorption spectrum of chlorothymol alone is provided in Figure 8. No 

absorption maxima were observed in the visible portion of the spectrum for 

chlorothymol control, further confirming the nanosurface modification with 

chlorothymol through the SPR peak shift. The very large SPR shift (from 400 

nm to 440 nm) and the significant changes in the spectral profile of the 

ultracentrifuged C@AgNPs suggested the aggregation and subsequent 

increase in polydispersity of C@AgNPs through ultracentrifugation. Thus, 

ultrafiltration was deemed as being more efficient than ultracentrifugation in 

the size-selection and isolation of C@AgNPs with minimal aggregation. As a 

result, ultrafiltration was selected for the purification and isolation of 

C@AgNPs. 
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Figure 7. UV-Vis absorption spectra of (a) core AgNPs, ultrafiltered, and 

ultracentrifuged C@AgNPs one day after synthesis, and (b) 45 days after 

their manipulation by ultracentrifugation and ultrafiltration. 

 

b 

a 
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 Both the ultracentrifuged and ultrafiltered C@AgNPs exhibited 

relatively good time stability. While no significant spectral changes were 

observed in the position of the SPR peaks over 45-days, there were 

significant increases in the full width at half maximum (FWHM) of the SPR 

peaks (Figure 7b). The FWHM of the SPR peak is a measure of the 

polydispersity in AgNPs and their aggregation state, where a large FWHM 

value is indicative of high polydispersity. 2, 6, 37 The FWHM values of the core 

and functionalized AgNPs were obtained using the gaussian fit function of the 

Origin 8.0 software. These FWHM values were provided in Table 1 at day 1 

and day 45 after the synthesis. The FWHM value for the core AgNPs was 

estimated to be 63 nm at one day after synthesis. Upon functionalization with 

chlorothymol, the FWHM of ultrafiltered C@AgNPs increased to 64 nm, while 

the FWHM of ultracentrifuged AgNPs was 132 nm. The significant broadening 

in the SPR peak of ultracentrifuged C@AgNPs suggested the formation of 

larger C@AgNPs and C@AgNP-aggregates. After 45 days both the 

ultrafiltered and ultracentrifuged C@AgNPs exhibited an increase in their 

FWHM values to 73 nm and 143 nm, respectively, due to additional 

aggregation. 
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Table 1. Surface plasmon resonance (SPR) maxima and full width at half 

maximum (FWHM) values for the core AgNPs, ultrafiltered C@AgNPs, and 

ultracentrifuged C@AgNPs at day one and day 45 after synthesis. 

 

 

Figure 8. UV-Vis absorption spectrum of chlorothymol control. 

 

 

 

Sample SPR (nm) FWHM (nm) 
after one day 

FWHM (nm) 
after 45 days 

Core AgNPs 400 63 Not 
measured 

Ultracentrifuged 
C@AgNPs 

440 132 143 

Ultrafiltered C@AgNPs 414 64 73 
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Inductively coupled plasma-optical emission spectroscopy (ICP-OES) of 

core AgNPs and ultrafiltered C@AgnPs 

The total amount of silver present in the core AgNPs and ultrafiltered 

C@AgNPs was determined by ICP-OES in conjunction with an external 

calibration curve through interpolation (Figure 9a). The concentration of silver 

in core AgNPs was 353.9 mg L-1 and significantly decreased to 72.16 mg L-1 

in the ultrafiltered C@AgNPs (Figure 9b). The loss of silver might have 

occurred due to the compromised 10 kD filter used during the ultrafiltration 

procedure. It should be noted that a new filter could not be obtained due to 

the limited production during the COVID-19 pandemic. However, ultrafiltration 

is known to size-select and purify colloidal suspensions of AgNPs. As 

demonstrated in our previous work, most solvent, excess reagents and 

byproducts (e.g., free chlorothymol, sodium borohydride, ethanol, and water 

molecules) are collected together with the ultrafiltration permeate 39, 43 while 

the ultrafiltrate retentate contains purified C@AgNPs suspended in a small 

volume of solvent.
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Figure 9. (a) ICP-OES external calibration curve for silver constructed with 13 
standards, in the 0-700 µg L-1 concentration range. (b) Total silver amount in 
core AgNPs and ultrafiltered C@AgNPs.
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Cytoviva Hyperspectral Microscopy of core AgNPs and ultrafiltered 
C@AgNPs 

The CytoViva enhanced darkfield imaging (Figure 10) provided the 

hyperspectral signatures of core AgNPs (Figure 11) and ultrafiltered C@AgNPs 

(Figure 12). The scattering signature color coded in blue was associated with 

AgNPs of smaller size, while the scattering signal marked in red was attributed to 

larger AgNPs (Figures 11 and 12). The change in the light scattering was due to 

the change in the size of the NPs being studied. The analysis of 1800 pixels in 

the CytoViva image of core AgNPs showed that ~80% of the pixels were color 

coded in blue (455 nm), ~15% in green (586 nm), and ~5% in red (643 nm). The 

examination of 250 pixels in the CytoViva image of the ultrafiltered C@AgNPs 

showed that ~25% of the pixels were color coded in blue (465 nm), ~60% in 

green (615 nm), and ~15% in red (654 nm). One can notice a significant change 

in the size distribution of AgNPs upon functionalization with chlorothymol. While 

the percent contribution of blue AgNPs (small size) decreased by 55%, the 

percent contribution of green and red AgNPs (large sizes) increased by 45% and 

10% respectively. Future transmission electron microscopy (TEM) studies are 

recommended for the confirmation of these results and the accurate estimation of 

these AgNP size ranges. 
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Figure 10. Cytoviva darkfield images of: (a) core AgNPs and (b) ultrafiltered 

C@AgNPs. Scale bar is 40 µm. 
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The hyperspectral features were also different for the core and 

C@AgNPs (Figures 11 and 12). For instance, the peak position and full width 

at half maximum (FWHM) values of the core AgNPs color coded in blue were 

smaller than those of the C@AgNPs functionalized with chlorothymol. The 

peak position for the blue core AgNPs was observed at 455 nm, with a 

FWHM of 35 nm (Table 2). On the other side, the ultrafiltered C@AgNPs 

color coded in blue experienced a red shift in peak position to 465 nm and an 

increase in the FWHM value to 50 nm (Table 3). Similar hyperspectral trends 

were observed for the ultrafiltered C@AgNPs color coded in green (615 nm) 

and red (654 nm). For instance, the FWHM value of the ultrafiltered 

C@AgNPs color coded in green was 55 nm, a larger value compared to 40 

nm for the core AgNPs (Tables 2 and 3). Clearly, these changes in the 

signature features (peak position and FWHM) of the AgNPs of blue, green, 

and red color indicate an interaction between chlorothymol and AgNPs, and 

further confirm the nanosurface functionalization. 
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Figure 11. Average (N =20) Cytoviva hyperspectral signatures of core AgNPs 

color coded in (a) blue (455 nm), (b) green (586 nm), and (c) red (643 nm). 
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Figure 12. Average (N = 20) Cytoviva hyperspectral signatures of ultrafiltered 

C@ AgNPs color coded in (a) blue (465 nm), (b) green (615 nm), and (c) red 

(654 nm). 
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Table 2. Surface plasmon resonance maxima (SPR) and full width at half 

maximum (FWHM) values for the core silver nanoparticles (AgNPs). 

AgNP sample SPR (nm) FWHM (nm) 
Blue 455 35 

Green 586 40 

Red 643 50 

 

Table 3. Surface plasmon resonance (SPR) peak position and full width at 

half maximum (FWHM) of the ultrafiltered, functionalized C@AgNPs color 

coded in blue, green, and red. 

Ultrafiltered 
C@AgNP sample SPR (nm) FWHM (nm) 

Blue 465 50 
Green 615 55 
Red 654 60 
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Raman Spectroscopy  

The interaction of the OH- group of thymol with AgNPs has been 

previously confirmed via Fourier Transform Infrared Spectroscopy (FT-IR).10 

Thus, the purity and the surface modification of the colloidal AgNPs to 

C@AgNPs color was confirmed in this study with the help of a 

complementary molecular spectroscopy method, i.e., Raman spectroscopy. 

To achieve this, control Raman spectra of core AgNPs (no chlorothymol), 

20% aqueous solution of ethanol, and chlorothymol solution controls were 

collected, assigned, and utilized in the analysis of the Raman spectrum of 

functionalized C@AgNPs color. 

Core AgNPs exhibited only the characteristic peaks for water at ~1670 

cm-1, ~3263 cm-1, and ~3397 cm-1, which confirmed the purity of colloidal 

suspension.   

The peak at ~1670 cm-1 occurred as the result of H-O-H bending mode, the 

peak at ~3263 cm-1 corresponded to the symmetric OH stretching, and the 

peak at 3397 cm-1 was due to the asymmetric OH stretching (Figure 13). 2
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        Figure 13. Raman spectrum of core AgNPs suspended in water.

The chlorothymol solution was prepared by dissolving it in 20 % 

aqueous ethanol and its Raman spectrum was collected (Figure 14). The 

fingerprint peaks of ethanol were assigned as follows: 440 cm-1 to the C-O 

stretching, 879 cm-1 to the C-C-O stretching, 1045 and 1049 cm-1 to the C-C 

stretching, 1286 cm-1 to the CH2 twisting vibration, 1458 cm-1 to the 

asymmetric vibration in CH3 group, 2890 and 2936 cm-1 to the symmetric and 

asymmetric stretching of C-H in CH3 group, respectively.44  
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The peaks at 1643, 3246, and 3382 cm-1 were attributed to the same OH 

vibrational modes of water present.2 

 

Figure 14. Raman spectrum of control 20% aqueous ethanol solution. 

The Raman spectrum of the chlorothymol in 20% aqueous ethanol 

solution is shown in Figure 15. The peak at ~3286 cm-1 represents the O-H 

stretching vibration mode of the phenol group. Stretching vibration modes for 

the C-H bond in alkanes occurred in the 2840-3000 cm-1 spectral range. The 

peaks characteristic to the isopropyl groups appeared at lower frequencies, 

namely 2714 and 2750 cm-1 due to the presence of the Cl atom in the 

structure of chlorothymol (Figure 2). The C=C stretching of the benzene ring 

occurred near 1579 and 1620 cm-1, while the bending vibration modes of the 
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CH3 in isopropyl group appeared as a doublet of almost equal intensities near 

1381 cm-1 (symmetrical) and 1460 (asymmetrical) cm-1.                               

The peak at 1275 cm-1 was assigned to the C-O stretching vibration mode. In-

plane and out-of-plane bending of the C-H groups of the aromatic ring were 

observed at 1102 and 1070 cm-1 bands, respectively. Bands at 728 and 757 

cm-1 were associated with the C-O and -OH out of plane bending vibration 

modes, respectively. The peak at ~1070 cm-1 may be the result of the C-Cl 

bending vibration mode. The other Raman bands between 171-435 cm-1 were 

attributed to the vibrational modes of the aromatic ring. 45 A more detailed 

tentative assignment of the observed Raman peaks is shown in Table 4. 

 

          Figure 15. Raman spectrum of chlorothymol control in 20% aqueous    

        ethanol solution. 
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Table 4. Experimental Raman peaks of the chlorothymol solution and their 

tentative spectral assignments according to the literature. 

 

The Raman spectra of the AgNPs functionalized with chlorothymol 

(C@AgNPs) shown in Figure 16 exhibited the water characteristic peaks at 

~1635 cm-1 (OH bending vibration mode), ~3238 cm-1 (OH symmetric 

stretching), and ~3414 cm-1 (asymmetric stretching).2 In addition, several of 

Observed 

Raman Peaks (cm-1) 

Tentative assignment 

728 C-O out of plane bending 42, 45    

757 OH out of plane bending 42, 47 

889 Out of plane rocking CH3 of isopropyl group 46 

1070 C-Cl bending 48 

1102 Out of plane C-H vibration 46 

1275 C-O stretching 46 

1381 Bending of CH3 in the isopropyl group 46 

1460 Bending of CH3 in the isopropyl group 46 

1579 C=C stretching of the benzene ring 46 

1620 C=C stretching of the benzene ring 46 
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the Raman peaks characteristic to chlorothymol were observed by 

comparison to the core AgNPs control. This is indicative of the surface 

functionalization of core AgNPs with chlorothymol. More specifically, the 

Raman bands at 1354 cm-1 and 1470 cm-1 of lower intensity were associated 

with the CH3 moieties of the isopropyl group in chlorothymol.45 The peak at 

~1093 cm-1 was most likely the result of the shift in the C-Cl stretching mode 

of chlorothymol upon functionalization.46 The weak bands at ~2050 cm-1 and 

~2385 cm-1 were attributed to the C=C bonds of the aromatic ring in 

chlorothymol.45 The band at 718 cm-1 was assigned to the C-O out-of-plane 

bending vibration mode of chlorothymol. The OH out-of-plane bending 

vibration mode at ~757 cm-1 characteristic to chlorothymol was not present in 

the spectrum of C@AgNPs suggesting a potential interaction between the O 

atom of chlorothymol and the Ag atoms of the nanosurface.45 
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Figure 16. Raman spectrum of ultrafiltered C@AgNPs. 

In addition, a broad peak appeared between 1100 and 1300 cm-1 in the 

Raman spectrum of C@AgNPs. Its deconvolution confirmed the presence of 

the C-O stretching mode of chlorothymol at ~1270 cm-1 (Figure 17). The 

deconvolution process was performed using a Gaussian fit, in the Origin 

software, with the help of the multiple peak fit function and the following 

parameters were selected: y0-representing the base of the peak, xc-center, A-

amplitude, and w-FWHM. The peak centers were utilized for the 

deconvolution fitting.  
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Figure 17. Deconvolution of the Raman spectrum of C@AgNPs using a 

Gaussian fi
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SEM and XRD analysis 

Figure 18 shows a representative SEM image of the ultrafiltered C@AgNPs 

and the corresponding EDX spectrum. 

 

 

Figure 18. (a) SEM image of the ultrafiltered C@AgNPs (scale bar-10 μm) 

and (b) the corresponding EDX spectrum.

a

. 

b

. 
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No conclusion could be drawn at this time with respect to the size of 

functionalized C@AgNPs because of the small resolution (scale bar 10 μm). 

Future SEM images should be collected with higher resolution to overcome 

this limitation. The peak at 0.25 keV corresponded to CKA, while the other two 

peaks at 0.55 keV and 3 keV were due to OKA and AgLa. The peak at 2.6 keV 

was assigned to ClK. 49 The aluminum peak at 1.5 keV was attributed to the 

aluminum stem stub used to hold the samples. 

The presence of C, O, and Cl peaks in the EDX spectrum is an 

indication of the functionalization of core AgNPs with chlorothymol. Table 5 

includes the weight (wt.) % of the elements in the ultrafiltered C@AgNPs 

containing organic components, C, O (21.16 %and 3.60%) and Cl (0.20 %) 

corresponding to chlorothymol. The Al present (54.13 %) comes from the 

mount stem stub. The percentage of Ag showed to be 22.35 %. The 

percentages deducted from the EDX spectrum represent the concentration of 

each element in the sample. Future efforts should be dedicated to correlating 

the element percentages to the loading efficacy of chlorothymol in AgNPs. 
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Table 5. Percentage weight of elements present in the ultrafiltered C@AgNPs 

revealed by the EDX analysis. 

Element Wt. % 
C 21.16 
O 3.60 
Al 54.13 
Ag 22.35 
Cl 0.20 

 

Proposed mechanism of functionalization of AgNPs with chlorothymol 

Silver is a transition metal located in group 11 (IB) and period 5 of the 

periodic table. Thus, silver with an electronic configuration of [Kr] 4d105s1 has 

empty 5p0 and 5d0 orbitals available for chemical interactions. In the 

chlorothymol molecule, both chlorine and oxygen have free electron pairs to 

donate and form a coordinate-covalent bond with Ag atom.  

Oxygen atom has greater electron-donor power than chlorine. Thus, 

oxygen may donate its electron pairs to the free vacant orbital of the Ag atom 

resulting in a coordinate-covalent bond between the O and Ag atom as it was 

suggested by the Raman data. More specifically, the possible interaction 

between Ag and O upon C@AgNP functionalization is supported by the 

absence of the characteristic Raman OH peak of chlorothymol at 757 cm-1 

(Figure 16).45 
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Upon AgNPs functionalization with chlorothymol cations in solution, an 

electrostatic, positive shield is formed around the AgNPs. As a result, 

C@AgNPs repulse each other electrostatically and separate in the colloidal 

suspension, offering long term stability for the colloidal product and potential 

future applications (Figure 19).  

 

Figure 19. Schematic representation of (a) the formation of the coordinate-

covalent bond between Ag0 and free electron pairs of the O atom in the 

chlorothymol molecules and (b) the stabilization mechanism of the C@AgNPs 

via electrostatic repulsions (made in ©BioRender -biorender.com). 

 

 

 

 

a

. 

b

. 
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Conclusions 

This study aimed to modify the surface of core silver nanoparticles 

(AgNPs) with an antibacterial agent, chlorothymol, via a covalent conjugation 

between O and Ag. Equal volumes of AgNPs suspension and chlorothymol 

solutions in 20% ethanol were mixed and sonicated for 2 hours, at 35 °C. A 

change in color from yellow to muddy brown was observed, suggesting the 

formation of functionalized AgNPs. The physicochemical properties of the 

core AgNPs and the novel AgNPs functionalized with chlorothymol 

(C@AgNPs) were characterized by UV-Vis absorption spectroscopy, Raman 

spectroscopy, ICP-OES, Cytoviva hyperspectral imaging, and SEM/EDX 

analysis. These measurements confirmed the functionalization of core AgNPs 

with chlorothymol and the proposed mechanism of formation for the 

C@AgNPs through a coordinated covalent bond between the oxygen atom of 

chlorothymol and the Ag atoms at the nano surface. 

Future work needs to be focused on studying the loading efficacy of 

chlorothymol in AgNPs by thermogravimetric analysis (TGA), the size 

distribution by TEM, the AgNP surface charge by Zeta potential 

measurements, as well as on testing the antibacterial properties C@AgNPs. 

In addition, the biocompatibility of the novel C@AgNPs and possible use for 

wound healing is something worth exploring. 
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