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Abstract
Silver nanoparticles (Ag-NPs) have wide applicability as antimicrobial, biomedical, and anti-cancer 
drug delivery systems. This study aimed to synthesize Ag-NPs using green methodology to assess their 
antimicrobial properties and toxicity. Ag-NPs were prepared using doxycycline, an antibiotic serving 
as a reducing and capping agent. The synthesized Ag-NPs were characterized by ultraviolet-visible 
spectrophotometry, X-ray diffraction, scanning electron microscopy, and Fourier-transform infrared 
spectrometry. The antimicrobial efficacy of doxycycline-mediated Ag-NPs was assessed on Candida 
species in vitro and for toxicity in male albino mice in vivo. The Ag-NPs showed a surface plasmon 
resonance at 411 nm, indicating a 90 nm average size and spherical shape. Toxicity was tested on 
mouse organs (liver, kidney, spleen, heart and stomach) using three Ag-NP doses (50, 100, 200 mg/
kg) over 14 days. The synthesized Ag-NPs produced large inhibition zones against two well-known 
fungal species, C. albicans and C. tropicalis, demonstrating their antimicrobial potential. The Ag-NPs 
showed varying degrees of toxicity in different mouse organs, depending on the administered dose, 
with more pronounced adverse effects observed at higher concentrations. Periodic administration of 
Ag-NPs at low-dose volumes holds promise as a safe approach to their use as antimicrobial agents. 
Low-dose Ag-NPs are minimally toxic and show strong antimicrobial efficacy.
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INTRODUCTION

 The synthesis of nanoparticles (NPs) or 
nanostructures (NSs) ranging in size from 1-100 nm, 
exploring their properties, and applications are 
part of a growing branch of nanotechnology. 
Nanochemistry and nanotechnology greatly 
interest researchers due to their relevance for 
almost all other research fields.1 NPs and NSs are 
synthesized for their unique physical properties 
and chemical applicability to almost all physical 
and chemical processes, such as catalysis, 
photonics, electronics, and sensing, as well as 
to antibacterial or biomedical drug delivery.2 
This is because NPs/NSs offer greater surface-
to-volume ratios and increased surface activity, 
leading to greater interaction of particles with the 
environment compared to their bulk forms.3,4 
 Nanoparticles can be synthesized in two 
ways: in the bottom-up approach, atoms and 
small particles are aggregated to form NPs; and in 
the top-down method, bulk materials are broken 
down into particles in the nano range.5 Physical, 
biological and chemical techniques are used to 
synthesize NPs. Chemical methods employ toxic 
and expensive chemicals that often react at high 
temperatures and generate products hazardous to 
the environment.6 In contrast, biological or green 
methods utilize microbes or plants to synthesize 
cheap nanoparticles that are not hazardous to 
the environment and can be used at relatively low 
temperatures.7,8 
 Fungal diseases caused by molds and 
yeasts are becoming a significant healthcare 
concern as modern medicine enables people with 
serious illnesses to live longer.9 Most antifungal 
drugs today are made from triazoles, polyenes, 
and echinocandins. However, some of these 
antifungals can cause problems, e.g., toxicity 
of amphotericin B, adverse reactions of azoles, 
and resistance to some antifungals.10 It shows 
antimicrobial resistance, rendering infections 
challenging to manage using conventional 
antifungal medications. As a result, it is critical 
to develop novel compounds that can be used to 
treat Candida infections while not harming host 
cells. 
 Silver and its compounds have been known 
since ancient times for their potent antimicrobial 
effects. Because of recent breakthroughs in metal 

nanoparticle research, nano-Ag has attracted 
significant interest as a potential antibacterial 
agent.11 Silver nanoparticles (Ag-NPs) are 
employed in antimicrobial applications, electronic 
components, and cosmetics. In order to develop 
new pharmaceutical products, uniform Ag-NPs 
with specific shapes, sizes, and other characteristics 
are of great interest to researchers.12 As silver ions 
are toxic and highly hazardous to microbes, Ag-NPs 
have many antibacterial, antifungal, and inhibitory 
properties.13 Although the biocidal properties of Ag 
ions are well understood, the antifungal properties 
and mechanism of action of Ag-NPs are largely 
unknown.14 Zone inhibition is commonly used to 
estimate bactericidal and fungicidal activities of 
Ag-NPs.15 Membrane permeability and respiratory 
structures on the cell surface of microbes are 
known to be affected by Ag-NPs.16 Moreover, Ag-
NPs can penetrate the cell and cause cell death 
depending on the dose administered.17 
 The selection of eco-friendly reducing and 
capping agents, suitable risk-free solvent media, 
and other non-hazardous chemicals is essential 
for the stability of Ag-NPs produced using green 
methods.18 Ag-NPs have been synthesized with 
b-D-glucose and starch as reducing and capping 
agents.19 Peng et al. synthesized Ag-NPs employing 
bamboo hemicelluloses and glucose for stability 
and as a reducing agent, respectively.20 Ag-NP has 
been synthesized using a supernatant culture of 
Bacillus licheniformis.21 This method and other 
similar methods produce stable particles and have 
the advantage of using nonpathogenic microbes. 
Biological approaches to the synthesis of Ag-NPs 
often result in spherically shaped NPs. However, 
other nanostructures, such as nanospheres, 
nanorods, nanowires, nanopores, nanotriangles, 
and nanocapsules, have also been produced using 
biological methodology.22

 Our investigations were motivated by 
recent studies indicating the potential synergistic 
effects of biogenic Ag-NPs and various antibacterial 
and antifungal agents on C. albicans and C. 
tropicalis.23 Our primary objective was to develop 
doxycycline-mediated Ag-NPs and evaluate 
their antifungal properties against C. albicans 
and C. tropicalis. In addition, a crucial aspect 
of our investigation involved the assessment 
of organ-specific toxicity of Ag-NPs at varying 
concentrations.
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MATERIALS AND METHODS

Study design and ethical approval
 We conducted a prospective study 
after obtaining ethical approval from the ethics 
committee of the Government College University, 
Lahore, Pakistan, in adherence to established 
ethical principles for animal research with ethical 
authorization number 255/CHEM/24. 

Synthesis of silver nanoparticles
 A 0.0008 M doxycycline solution (480.9 
g/mol) was prepared by dissolving 38 mg of 
doxycycline in deionized water and adjusting 
the volume to 100 ml. A 0.8 mM solution of 
silver nitrate (AgNO3) was prepared by dissolving 
0.013 g of AgNO3 in deionized water, with the 
volume made up to 100 ml in a volumetric flask. 
In addition, a 0.1 M sodium hydroxide (NaOH) 
solution was prepared by dissolving 0.4 g of NaOH 
in 100 mL of deionized water.
 Five concentration ratios of AgNO3 to 
doxycycline were prepared and tested to obtain 
the best results. Different ratios (1:1, 1:2, 1:3, 1:4, 
and 1:5) of doxycycline antibiotic and Ag+ ions 
were formulated with the same concentration of 
an aqueous solution of doxycycline and AgNO3 (0.8 
mM/0.0008 M). Doxycycline was added to AgNO3 
at various ratios and then 0.1 M NaOH was added 
to maintain the pH of the reaction mixture. The 
solutions were placed in sunlight for 60 minutes, 
resulting in the reaction mixture’s color changing 
from that of the extract to brown. The reduced 
metal particles were measured using Cary 60 
ultraviolet-visible (UV-Vis) spectrophotometer 
(Agilent, Santa Clara, USA) at different intervals. 
Doxycycline was used as a stabilizing, capping, and 
reducing agent.

Characterization of silver nanoparticles
 The reaction between doxycycline 
(colorless) and AgNO3 (colorless) produced Ag-NPs 
indicated by a change in the color to brown. NPs 
reduced by doxycycline were measured using a 
UV-Vis spectrophotometer to detect nanoparticle 
formation. The morphology of antibiotic-mediated 
Ag-NPs was studied using scanning electron 
microscopy (SEM; Carl Zeiss AG, Oberkochen, 
Germany) under an acceleration voltage of 20 
KeV. Functional group analysis of doxycycline and 

Ag-NPs was performed with a Fourier-transform 
infrared spectrometer (FTIR; FT-IT-8900, Shimadzu 
Corporation, Kyoto, Japan) at 75°C within the 
wavenumber range of 400-4000 cm-1. X-ray 
diffraction (XRD) analysis of the Ag standard and 
doxycycline-induced Ag-NPs was performed using 
an X-ray diffractometer D8 DISCOVER (Bruker 
Corp., Billerica, USA).

Antimicrobial assay of silver nanoparticles
 The antimicrobial activity of doxycycline-
mediated Ag-NPs was tested on colonies of C. 
albicans and C. tropicalis. Mueller-Hinton agar 
was used for all antimicrobial assays.24 The 
antimicrobial characteristics of Ag-NPs were 
analyzed using the well-diffusion method at pH 7. A 
sterile cotton swab was dipped into each microbial 
inoculum at a standardized concentration (0.5 
McFarland turbidity) and then streaked on an agar 
plate to obtain approximately 107 cells. Then, five 
holes, 3 mm in size, were punched aseptically in 
the culture plate surface; the wells thus created 
were loaded with 100 µl of Ag-NPs (25, 50, and 80 
µg/mL), a positive control with doxycycline and 
the negative control with deionized water at pH 
7. The inoculated plates were incubated at 37°C 
for 36 hours, after which the inhibition zones of 
microbial colonies were observed. 

Silver nanoparticle toxicity assays with mice
 In vivo toxicity studies of Ag-NPs were 
performed with male albino mice (Mus musculus) 
with a body weight of 25 -30 g. The mice were 
obtained from the Veterinary Research Institute, 
Lahore and were kept at 50-70% humidity and  
25 ± 2°C temperature. Mus musculus were fed 
with rodent pellets and tap water. Three groups of 
mice were orally administered Ag-NPs at 50, 100, 
or 200 mg/kg, while the fourth group was kept 
as the control without administration of Ag-NPs.
 The mice were sacrificed after 14 
days of repeated oral administration of Ag-
NPs, and their organs were removed for tissue 
processing. Hematoxylin and eosin were used for 
the staining of tissue samples and then visualized 
microscopically. Slides of the organs of mice in 
the control group were microscopically imaged 
and compared with those of mice administered 
Ag-NPs at 50, 100, and 200 mg/kg.
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RESULTS

Characterization of silver nanoparticles
 The maximum lambda of the standard 
doxycycline solution was observed at 374 nm, 
while that of Ag-NPs was observed at 413 nm 
(Figure 1). The homogenized doxycycline-Ag-NPs 
had a spherical shape and their average size was 
90 nm (Figure 2). 
 Infrared spectra yield critical insights into 
the organic compounds located on the surface of 
NPs. The FTIR spectra identified the functional 
groups and unique transmittance peaks of each 
component associated with the production of 
NPs. The FTIR spectra of doxycycline presented 
stretching peaks of OH at 3576 cm-1 related to 
alcohols and phenols, NH (amines) at 3281 cm-1 
representing the stretching vibrations of carbonyl 

groups of proteins, CH at 2988 cm-1 resulting 
from the asymmetric stretching of alkanes, CO at 
1700 cm-1 representing the stretching vibrations 
aromatic compounds, and amide carbonyl at 1600 
cm-1, whereas in the case of Ag-NPs, the stretching 
peaks of OH shifted to 1416 cm-1 (shown in the 
spectrum in black in Figure 3), which represented 
doxycycline capped to silver atoms, indicating  
Ag-NP synthesis.
 X-ray diffraction spectroscopy was used to 
study Ag-NPs at 30 kV voltage and 20 mA current, 
and the scanning rate was 0.05°C/min in two 
hours for the range of 200°-800°C. The Scherrer 
equation (D ≈ 0.9λ / bcos θ, where D = crystal size, 
λ = X-ray wavelength, b = width of radiation peak, 
and θ = Bragg’s angle) was used to determine the 
crystalline size of nanoparticles (Figure 4). The 
XRD diffraction peaks for Ag-NPs at 2θ values of 

Table. Measurement of zones of inhibition (mm) caused by the antimicrobial activity of Ag-NPs against colonies 
of Candida albicans and Candida tropicalis

Microorganism     Diameter of inhibition zone (mm)

 Negative Doxycycline  Ag-NP concentration 
 control   (μg/mL)

   25 50 80

C. albicans 0 17 0 12 17
C. tropicalis 0 17 9 12 18

Figure 1. Ultraviolet-visible (UV-Vis) spectroscopic analysis of doxycycline. (a) The UV-Vis spectrum of doxycycline 
shows a prominent absorption peak at 374 nm (lambda max). (b) The UV-Vis spectrum of doxycycline after capping 
with silver nanoparticles (Ag-NPs) shows a distinct shift in lambda max to 413 nm, indicating successful encapsulation 
of doxycycline by Ag-NPs
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38.49°, 44.29°, 64.45°, and 77.59°. These distinct 
peaks arise from the presence of Ag-NPs, leading 
to differences in the X-ray diffraction pattern. 
The observed peaks correspond to the (200), 
(200), (101), and (101) crystallographic planes, 
respectively, showing a crystal structure of face-
centered cubic (FCC) typical of metallic silver.

Antimicrobial applications
 The comparison of the zones of 
inhibition (diameter in mm) between the various 
concentrations of Ag-NPs, the negative control 

(deionized water), and the positive control 
(doxycycline) (Table and Figure 5) showed that 
Ag-NPs had excellent antimicrobial action against 
C. albicans and C. tropicalis.

Histopathological examination of the toxicity of 
Ag-NPs in mice
 Histopathological studies of group 1 
(control) mice, which were not given any Ag-
NPs, showed normal tissue and cellular structure 
in the stomach, lung, liver, kidney, and heart  
(Figure 6A). Histopathological studies of group 2 

Figure 2. Size estimation and morphological characterization of Ag-NPs. (a) Scanning electron microscopy analysis 
reveals the spherical shape of the Ag-NPs, with an average size of 90 nm. (b) According to particle analyzer results, 
most Ag-NPs induced by doxycycline fall within 40-90 nm

Figure 3. Fourier-transform infrared spectrometer spectra of doxycycline and Ag-NPs showing different peaks
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mouse organs after exposure to 50 mg/kg doses 
of Ag-NPs found slight toxicity indicated by minor 
erosion and distortion of the stomach lining; 
inflammation, neutrophils (1+), lymphocytes 
(1+), and a low level of vascular conjunction in 
lung tissue; edema, inflammation, and Pyknosis 
(degenerative changes) (1+) in liver tissue; and 
minor vascular congestion in kidney tissue, but no 
signs of toxicity in heart tissue (Figure 6B).

 H i s t o p a t h o l o g i c a l  s t u d i e s  o f 
group 3 mouse organs after exposure to  
100 mg/kg doses of Ag-NPs showed abnormalities 
in stomach tissue indicated by moderate erosion 
(2+) and thinning of the mucosal wall with 2% 
inflammation; abnormality in lung tissue indicated 
by inflammatory edema (1+) and lymphocytes 
(2+); effects of toxicity on liver tissue indicated by 
periportal inflammation (1+), necrosis (1+), edema 

Figure 4. X-ray diffraction pattern of Ag-NPs synthesized with doxycycline

Figure 5. Zones of inhibition of colonies of (a) Candida albicans and (b) Candida tropicalis treated with doxycycline-
coated silver nanoparticles (Ag-NPs). The numbers 1, 2, and 4 in both figures refer to Ag-NP concentrations of 25, 50, 
and 80 µg/mL, respectively; 3 is the positive control (doxycycline), and 5 is the negative control (deionized water)
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(1+), karyorrhexis and pyknosis of the nucleus, 
and vascular conjunction; and toxic effects of 
Ag-NPs on kidney tissue indicated by up to 30% 
shrinkage of glomerular cells, while heart tissue 
showed normal structure and no signs of toxicity  
(Figure 6C).
 Histopathological studies of group 4 
mouse organs after exposure to 200 mg/kg of  
Ag-NPs showed signs of ulceration in stomach 
tissue, thinning of the mucosal lining and 
epithelium wall and a decrease in the number 

of glands, and degraded stomach structure; toxic 
effects on lung tissue indicated by a pneumonic 
patch of lymphocytes (2+), inflammation, and 
hyperplasia; effects of toxicity on liver tissue 
indicated by vascular congestion, periportal 
inflammation (3+), edema (3+), pyknosis and 
karyolitic changes (2+), and liver necrosis (2+); 
and toxic effects on kidney tissue indicated by a 
40% decrease in the size of glomerular cells and 
tubular necrosis (1+); and heart tissue with normal 
structure showing no signs of toxicity (Figure 6D).

Figure 6. Comparative histopathological examination of four groups of mice exposed to different doses of Ag-NPs. 
Histological changes in various organs, including the stomach, lungs, liver, kidneys, and heart tissue, corresponding 
to the Ag-NP dose administered, are shown. (A) Group 1: No Ag-NP dose administered, organs showing baseline 
histological characteristics; (B) Group 2: 50 mg/kg of Ag-NPs administered; (C) Group 3: 100 mg/kg of Ag-NPs 
administered; and (D) Group 4: 200 mg/kg of Ag-NPs administered
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DISCUSSION

 Inorganic nanoparticles have become 
crucial  to the production of innovative 
nanodevices employed in various biomedical, 
biological,  physical,  and pharmaceutical 
applications. Nano-Ag is extremely lethal to 
many microbes and prevents their growth, 
except for a few strains that show resistance.14 
This study aimed to synthesize Ag-NPs and test 
their antifungal efficacy against C. albicans and 
C. tropicalis. We synthesized antibiotic-mediated 
Ag-NPs using a wet chemical reduction technique. 
Size-controlled particles were synthesized by 
optimizing reaction conditions. 
 In this study, doxycycline-Ag-NPs were 
synthesized within 60 minutes in sunlight with 
a surface plasmon resonance (SPR) band of 411 
nm. In previous studies, the SPR of Ag-NPs was 
mostly 350 to 420 nm,25 which matches our UV-
Vis results. SEM displayed that the morphology of 
homogenized particles was spherical and 90 nm 
in size. The specified nanoparticle size for SEM 
must be 1-100 nm.26 In FITR, the stretching peaks 
of OH were at 3400 cm-1, which are broadband, 
NH were at 3166 cm-1, CO at 1699 cm-1, and CH 
at 2966 cm-1, in which the peak was shifted from 
1550 to 1350 cm-1.27 The stretching peaks of our 
synthesized Ag-NPs were OH = 3576 cm-1, NH = 
3281 cm-1, CH = 2988 cm-1, CO = 1700 cm-1, and 
amide carbonyl = 1600 cm-1, which shifted to 1416 
cm-1, demonstrating that doxycycline capped to 
silver. XRD results indicated diffraction at 2θ = 
38.29°, 44.39°, 64.55°, and 77.69°.28 However, 
the XRD diffraction pattern of antibiotic-mediated 
Ag-NPs showed that 2q = 38.49°, 44.29°, 64.45°, 
and 77.59°, indicating that there was no oxide 
formation and that Ag-NPs were produced. 
 Silver nanoparticles showed a good 
zone of inhibition against microbes depending 
on concentration and size. The antimicrobial 
action of our doxycycline-Ag-NPs was good, with 
a 17-mm maximum zone of inhibition. There are 
few studies on how Ag-NPs enter fungal cells, 
but it remains an intriguing question that needs 
further investigation, as does the structure of the 
fungal cell wall. We propose that the uptake of 
Ag-NPs may include endosomal trafficking systems 
that contribute to the absorption and release of 
nutrients and macromolecules. Macromolecules 

and synthetic nanoparticles are transferred across 
the cell wall by fluid-phase endocytosis, a form of 
endocytosis, as shown by the assimilation of an 
impermeable dye, Lucifer yellow, into the vacuole 
by C. albicans.14

 By being able to rupture cell membranes 
and prevent regular cell division, Ag-NPs are 
remarkably effective as anticandidal agents against 
C. albicans.29 Additionally, the breakdown of 
membrane-bound lipids and enzymes results in 
lysis of the cells, which increases the effectiveness 
of Ag-NP anticandidal treatment by generating 
insoluble substances with sulfhydryl groups in 
Candida cell walls.30 It also leads to a decrease in 
membrane permeability, which causes potassium 
ions to leak out of Candida.31 These Ag-NP-induced 
processes lead to Candida’s cell death by altering 
cell permeability, interfering with DNA replication, 
and preventing the synthesis of proteins.32 Smaller 
particles penetrate the cell, produce more reactive 
oxygen species, and injure tissue and cells more 
than larger particles in the range of 100 nm.
 Kadam et al. in 2024 performed a study 
involving F. schweinfurthii bio templates under 
sunlight and microwave catalysis, showing an 
eco-friendly approach for synthesizing Ag-NPs. 
The plant-derived extracts (PAE and CAE) act as 
reducing and capping agents, transforming Ag+ 

ions into Ag-NPs, under varying pH, temperature, 
and catalyst exposure. They optimized the 
microwave conditions by adjusting exposure time 
and reagent concentrations which accelerates 
the reaction, enhancing nanoparticle yield and 
stability. The antimicrobial assay performed on 
these NPs proved the efficacy of these NPs in vitro 
experiments against clinical bacterial isolates.33 
 In other similar study, Rizwana et al. in 
2022 utilized a natural extract (red currant) for 
sunlight-mediated synthesis of Ag-NPs within a 
short time frame of 9 minutes. This rapid synthesis 
was attributed to the natural antioxidants and 
biomolecules in the extract, facilitating the 
reduction of silver nitrate (AgNO3) to Ag-NPs. 
These NPs were found to be highly effective in 
inhibiting the growth of some bacterial and fungal 
isolates.34

 We studied the histopathology of four 
groups of mice to monitor the toxicity of Ag-NPs. 
Different doses of Ag-NPs were given orally and 
allowed to penetrate cell walls, causing an abrupt 
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rise in oxidative stress and cell death. The group 
of mice dosed with 50 mg/kg showed slight signs 
of toxicity. In contrast, the signs of toxicity were 
stronger in the mice given 100 mg/kg doses of 
Ag-NPs as indicated by distortions and abnormality 
in organ structures. The group of mice given  
200 mg/kg doses showed a significant level of 
toxicity as indicated by the ulceration, rupturing, 
and thinning of walls in addition to structural 
distortions. 
 Si lver nanoparticles produced by 
numerous methods have been described to be 
toxic as they can reach and accumulate in almost 
all organs, like the stomach, lungs, liver, kidney, 
spleen, and even the brain, depending on how 
they enter the body. Ag-NPs subcutaneously 
administered to rats are translocated to the brain, 
lungs, kidneys, liver, and spleen.35 When used 
at high concentrations, Ag-NPs are lethal, cause 
membrane leakage of lactate dehydrogenase, and 
generate a significant amount of reactive oxygen 
species, ultimately leading to cell death.36 Human 
cells with lung cancer exposed to Ag-NPs loaded 
with dyes showed signs of toxicity.37 The toxicity 
of Ag-NPs has also been investigated based on 
different coatings. As Ag-NPs have considerable 
applicability in biokinetic processes, evidence 
of their toxicity is important and necessary to 
determine their mechanism of action in organs 
and effects on bodily functions.38

 This study presents a simple, useful, 
eco-friendly, and economical technique using 
doxycycline, i.e., green synthesis, to produce 
spherical, homogenized Ag-NPs, which are stable 
at room temperature for an extended period. Ag-
NPs showed strong and significant antimicrobial 
activity. The toxicity of Ag-NPs was found to 
be dosage-dependent. A literature review of 
doxycycline-mediated Ag-NPs with significant toxic 
potential found few investigations. The synthesis 
did not include the use of toxic, hazardous 
chemicals; in addition, the byproducts were not 
toxic. The results suggest that Ag-NPs can be 
used safely in small dose volumes periodically as 
antimicrobial agents. The antimicrobial potential 
of Ag-NPs also indicates that they can be used 
to clean water bodies and other environmental 
features from microbial contamination in a cheap 

and reproducible way. The study has limitations, 
as the DLS, NTA, and TEM were not utilized due to 
their unavailability at our institution.

CONCLUSION

 We synthesized spherical, homogenized, 
and environmentally friendly Ag-NPs using 
the antibiotic doxycycline as a reducing and 
capping agent. The Ag-NPs were stable at room 
temperature for an extended period. UV-Vis, FTIR, 
SEM, and XRD were used to comprehensively 
characterize the properties of the nanoparticles. 
Ag-NPs showed potent antifungal activity against 
C. albicans and C. tropicalis. Furthermore, 
the toxicity assessment using mouse organs 
showed that lower doses of Ag-NPs had reduced 
toxicity. This study provides a rigorous report 
of toxicity evaluation of doxycycline-mediated 
Ag-NPs. Overall, these findings contribute to 
the development of a simple and cost-effective 
approach to synthesize less toxic Ag-NPs with 
promising antimicrobial properties.
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