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Calendula officinalis extract was evaluated 
as a functionalization agent for gold 
nanoparticles (AuNPs). The resulting 
nanoconjugate (AuNP-Cale) was 
thoroughly characterized, and explored as 
a sensitizer for dye-sensitized solar cells 
(DSSC). As a starting point, citrate-reduced 
AuNPs (AuNP-Cit) were synthesized and 
fully characterized. Comprehensive 
characterization for both AuNP-Cit and 
AuNP-Cale included dynamic light 
scattering (DLS), electrophoretic light 
scattering (ELS), colloidal and stability 

assay. Successful functionalization included increased hydrodynamic diameter, reduced zeta potential, and 
improved colloidal stability. DSSC evaluation demonstrated that while pre-formed AuNP-Cale did not enhance 
efficiency, improved performance was achieved when AuNP-Cit was added sequentially after the extract 
on the TiO2 electrode, likely due to better electrode coverage. This result correlated with enhanced light 
absorption (FORS) and favorable electrochemical impedance spectroscopy parameters.
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INTRODUCTION
The XXI century is the time for nanotechnologies. The term “nanotechnology” was first used by the 

eminency of Richard P. Feynman in 1960.1 Nanotechnology is the scientific discipline that studies, designs 
and applies materials, devices and systems at the nanometric scale, including particulate substances, which 
have at least one dimension less than 100 nm.2 In the continued search for better and smaller devices, 
properties related to the use and applications of nanoparticles became relevant. Examples of nanoparticle 
applications are everywhere, comprising pharmaceutical,3-5 properties modification for manufacturing 
materials,6-8 environment,9-10 electronics,11-14 energy,15-20 and informatics21-23 just to name a few.

Gold nanoparticles (AuNPs) exhibit unique optical properties among the metallic nanoparticles due to 
localized surface plasmon resonance (LSPR), which can enhance light absorption and energy transfer in 
dye-sensitized solar cells (DSSC).20,24-29 

Metallic nanoparticles, particularly AuNPs, have experienced a significant boom in scientific research 
since the 1990s, although their use dates back to ancient times in the coloration of glasses and ceramics.30 
Interest in AuNPs has intensified due to advances in characterization and synthesis techniques and their 
consequent improvement in the ability to control size, shape and surface properties.31 In addition, the diverse 
applications of AuNPs are due to their exceptional optical, electronic and catalytic properties.32

In the field of energy and optoelectronics, they stand out for their ability to improve solar cell efficiency 
through the plasmonic effect,33 which allows for increased light absorption and energy transfer. Their unique 
properties derive mainly from localized surface plasmon resonance (LSPR), a phenomenon resulting from 
the collective oscillation of free electrons at the nanoparticle surface in response to incident electromagnetic 
radiation.34,35 This feature gives AuNPs their distinctive colors and makes them especially valuable in 
applications requiring efficient interaction with light, such as optical sensors and photovoltaic devices.36 

Functionalizing AuNPs with different ligands can modify their surface properties, stability and interactions 
with other molecules in the system under evaluation.37 In this context, the present study explores using 
Calendula officinalis extract for AuNPs derivatization.

Calendula officinalis is an annual perennial flowering plant in the family Asteraceae, native to southern 
Europe and cultivated worldwide for medicinal, ornamental, and culinary purposes.38 This plant has 
vibrant orange-yellow daisy-like flowers with multiple layers of overlapping petals and aromatic leaves.39 
Calendula officinalis extracts have around 7.71% (w/w) carotenoids (mainly flavoxanthin, luteoxanthin, and 
lycopene, Figure 1),39 0.21-0.68% (w/w) of flavonoids (mainly rutin, isorhamnetin and isoquercitrin),39-42 and 
xanthophylls.43 Many of these compounds have functional groups as hydroxyl moieties, making them an 
attractive option for nanoparticle functionalization. 

Figure 1. The three main carotenoids present in Calendula officinalis. 
From top to bottom: flavoxanthin, luteoxanthin and lycopene.



Normally, the synthesis of biogenic AuNPs is performed using the natural extract as both a reducing and 
capping agent. However, it is often difficult to control the shape and size of the obtained nanoparticles, since 
the concentration and type of reducing agent are not known with certainty, and the amount of this agent 
can vary from one extract to another.44-46 In this regard, we approached the initial synthesis of AuNPs using 
classical, more controlled methods, which allow precise control of the Au/reducing agent molar ratio, and then 
proceeded with post-synthesis functionalization using calendula extract following the standard adsorption 
procedure described in the literature. No previous reports were found on post-synthesis functionalization of 
AuNPs with calendula’s extract. However, there are reports of direct synthesis of gold, silver, and titanium 
nanoparticles from calendula extract, where stable nanoparticles are obtained, confirming the extract’s ability 
not only to provide a reducing agent but also to contribute stabilizing molecules to the colloidal system.47-50 

In this work we derivatize AuNPs with Calendula officinalis extract and exhaustively characterize the 
nanoconjugate AuNP-Cale. The research encompasses synthesizing and characterizing functionalized 
AuNPs, including comprehensive analysis through UV-Vis spectrophotometry, dynamic light scattering 
(DLS), electrophoretic light scattering (ELS), colloidal stability assay, transmission electron microscopy 
(TEM), and cyclic voltammetry studies. 

To essay on a possible technological application, dye-sensitized solar cells (DSSC) performance is 
evaluated by incorporating AuNPs functionalized with Calendula officinalis extract, since the use of metal 
nanoparticles has been reported to increase the performance of dye-sensitized solar cells.51 In this case, 
the performance of the DSSC was evaluated by measuring the current-voltage (J-V) profiles under both 
illumination and dark conditions, complemented by electrochemical impedance spectroscopy (EIS). To 
understand the performance of the assembled DSSC, spectroscopic characterization of the sensitizers 
was performed using reflectance spectrophotometry and Fourier transform infrared (FTIR) analyses (before 
and after adsorption to the semiconductor of the photoanode). This comparative study involves cells with 
functionalized AuNP-Cale, AuNP-Cit, and calendula’s extract without nanoparticles, providing an insight 
into the capability of Calendula officinalis extract as a dye for DSSC purposes.

MATERIALS AND METHODS 
Materials and chemicals

Chloroauric acid (HAuCl4.3H2O ≥ 99.9%, CAS No. 16961-25-4), trisodium citrate dihydrate (Na3C6H5O7.2H2O 
≥ 98%, CAS No. 6132-04-3), sodium chloride (NaCl ≥ 99%, CAS No. 7647-14-5), and sodium perchlorate 
(NaClO4 ≥ 98%, CAS No. 7601-89-0), were purchased from Sigma-Aldrich. Potassium bromide (KBr, FTIR 
grade, CAS No. 7758-02-3) was purchased from Pike Technologies. Absolute ethanol (≥ 99.8%, CAS No. 
64-17-5) and heptane (≥ 99%, CAS No. 142-82-5) were obtained from Dorwil, Química Analítica. Ultrapure 
water (resistivity > 18.2 MΩ·cm, Millipore Milli-Q®) was used throughout. DSSC components (FTO/TiO2 
electrodes, Pt counter electrodes, Iodolyte AN-50 electrolyte) were purchased from Solaronix. All chemicals 
were used as received without further purification.

Calendula officinalis dyes extraction
The Calendula officinalis flowers were collected from the “Universidad de la República, Facultad de 

Ciencias”, orchard at the beginning of October 2024 (southern hemisphere’s spring).
Petals from 20 flowers were collected, chopped, and mortared with absolute ethanol. Samples were 

ultrasounded for 15 minutes, vortexed, and centrifuged for 15 minutes at 5000 rpm, preserving the 
supernatant. After extracting the supernatant, the same procedure was done from the pellet. Two extractions 
were obtained; the first (denoted 1E) was the extraction without resuspension, and the second (denoted 
2E) was the extraction plus the resuspension.

Samples were withdrawn, and heptane-ethanol phase separation was performed to eliminate chlorophyll. 
The remaining ethanolic phase did not significantly differ from the fraction before the phase separation, so 
for practical purposes, extraction 2E without heptane purification was used.
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AuNP-Cit synthesis
The glassware used in the synthesis and storage of AuNPs was previously treated with an aqua regia 

solution (HCl:HNO3 3:1 (v/v)) for 30 min, subsequently rinsed with abundant ultrapure water (resistivity > 
18.2 MΩ.cm) and dried in an oven at 60 °C prior to use. The synthesis of AuNPs was carried out according 
to the traditional Turkevich method with modifications. Briefly, 50 mL of ultrapure water and 1 mL of a  
20 g L-1 chloroauric acid solution (≈ 50 μmol) were placed in a two-neck round-bottom flask, and the system 
was completed with a water condenser. The solution was heated to boiling and 5 mL of 38.8 mM sodium 
citrate solution was immediately added. The solution was continued to be heated under reflux until the 
appearance of an intense red-burgundy color and maintained for an additional 10 min. The AuNP-cit solution 
was allowed to cool for 24 h in the dark before characterization.52-55 

AuNP-Calendula officinalis extract derivatization
For derivatization, the citrate-reduced gold nanoparticles (AuNP-Cit) were obtained by the Turkevich 

method.56 After that, the AuNP-Cit were incubated overnight in the presence of the Calendula officinalis 
extract using a 9:1 (v:v) AuNP-Cit:Cale proportion.

UV-Vis absorption spectrophotometry
The UV-Vis spectra were acquired with an Analytic-Jena SPECORD 200 Plus spectrophotometer only in 

the range from 350 to 700 nm, using the optical path b = 1 cm. Spectrometer increments were set at 0.05 nm.

Dynamic light scattering
Dynamic light scattering was performed to determine the average hydrodynamic diameter (dh) of both 

AuNP-Cit and AuNP-Cale using the Brookhaven ZetaPlus 90 instrument equipped with a 659 nm laser 
and a correlator. DLS measurements were conducted at a fixed angle of 90 degrees in 1 cm polystyrene 
cuvettes following ISO 22412 guidelines.57 

Transmission electron microscopy
AuNP-Cit’s diluted colloidal solutions (10 µL, 1:10 in water) were drop-casted to a carbon-coated copper 

grid and air-dried at room temperature. TEM images were captured using a JEOL JEM 1010 microscope at 
an acceleration voltage of 80 kV. The diameters (dTEM) of over 200 individual AuNPs were determined from 
10 micrographs using FIJI software,58 following the previously established guidelines.59,60 

Electrophoretic light scattering
Electrophoretic light scattering was performed to determine the zeta potential (ζ-potential) of the AuNPs 

with the same equipment and configuration as DLS. Additionally, a fixed angle of 15° was used with a surface 
zeta potential (SZP) electrode system consisting of two parallel palladium electrodes. All measurements 
were performed at 25 °C using a 1 nM AuNP solution in 1 mM NaCl. The data (n = 6) was analyzed using 
Particle Solution v. 2.5 software, applying CONTIN and Smoluchowski algorithms for hydrodynamic diameter 
and ζ-potential calculations, respectively.

Colloidal stability assay
Colloidal stability was determined using a simplified, rapid screening version of the colloidal stability 

titration assay with a Tekan Infinite F50 microplate reader adapted from the methodology described in the 
literature61 and detailed in our previous work.56 

In a 96-well microplate, 100 μL of the AuNP-Cit or AuNP-Cale was added. To each well, 100 μL of a 20 to 
300 mM sodium chloride (NaCl) solution (NaCl final concentration 10 to 150 mM) was added. After mixing, 
absorbance was measured at 520 nm and 650 nm.56 All measurements were duplicated. The Boltzmann 
sigmoidal equation’s inflexion point on the curve determined the critical concentration. Boltzmann sigmoidal 
fitting was performed using the Levenberg-Marquart iteration algorithm.
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Infrared spectroscopy
Infrared spectra were collected in the 400-3000 cm⁻¹ range at ambient temperature using a Shimadzu 

IR-Prestige 21 spectrometer. Each spectrum represented an average of 10 scans with 2 cm-1 resolution. 
Sample preparation involved thoroughly mixing dried samples with KBr powder in an agate mortar, followed 
by forming 13-mm discs using a Pike Crush IR press at 10 tons of pressure. For comparative purposes, 
the following samples were analyzed: Cale, AuNP-Cit, AuNP-Cale, and these three samples after being 
deposited onto TiO₂ electrodes (TiO₂:Cale, TiO₂:AuNP-Cit, and TiO₂:AuNP-Cale). For the TiO₂-deposited 
samples, the same procedure was followed as previously described, where the electrode surface was 
scraped off after the adsorption period, mixed with KBr, and pressed into discs.

Cyclic voltammetry
All reagents were used as received from commercial sources without further purification. The voltammetric 

profiles were conducted using a Metrohm µStat-i 400 s Potentiostat in a one-compartment conic cell three-
electrode system. Since EtOH was the extraction media, samples were measured in mixtures EtOH:supporting 
electrolyte (0.1 M sodium perchlorate NaClO4 in high-purity MilliQ® water 18.2 MΩ.cm) in a proportion 1:1 
(v:v). Evaluations were then performed using 1 mM of the analyte in the described mixture of solvents. 
The working electrode (W) was FTO/TiO2 (FTO = Fluorine-doped Tin Oxide; TiO2 = mesoporous titanium 
dioxide), and the auxiliary electrode (A) was made of Pt-pc (pc = polycrystalline). The reference electrode 
(R) was the silver/silver chloride (Ag/AgCl; E = 0.2586 V vs. NHE). All measurements were performed at 
a scan rate of 50 mV s-1.

Dye sensitized solar-cell built-up and evaluation
Photoanodes were prepared by immersion of the FTO/TiO2 (SOLARONIX test kit, active area of mesoporous 

TiO2 0.36 cm2) electrodes overnight into the dye’s containing solution and then rinsed thoroughly with ethanol. 
Before use, the FTO/TiO2 electrode was heated at 500 ºC for 30 minutes. A sandwich configuration was 
used, with the FTO/TiO2 photoanode placed parallel to the FTO/Pt counter (20 mm x 20 mm sized, screen 
printed with SOLARONIX’s Pt Platinum Catalyst). The cell was then completed by the addition of a liquid 
electrolyte (SOLARONIX Iodolyte AN-50). Different sensitizers were applied: Cale, AuNP-Cit, AuNP-Cale 
and Cale co-sensitized with AuNP following a sequential path. 

To characterize the DSSC, the current density vs. voltage (J-V) profiles were measured using a CHI 
604E potentiostat at a potential scan rate (v) of 0.05 V s-1 at room temperature, in the dark and using a 
solar simulator from ABET Technologies (100 mW cm-2, 1.5 AM). Complementary data were assessed from 
the electrochemical impedance spectroscopy (EIS) results, performed between 0 and 0.5 V and within the 
frequency range of 0.1 Hz to 3 MHz (in the dark).

Fiber optic reflectance spectroscopy
Fiber optic reflectance spectroscopy (FORS) was employed to verify the incorporation of AuNP-Cale, 

AuNP-Cit and Cale within the TiO2 matrix. Average reflectance measurements of 500 spectra were conducted 
using a UV-Vis SPELEC (200-900 nm) instrument (DROPSENS) equipped with a fiber optic probe. FTO/
TiO2 electrodes were immersed overnight with the corresponding solution. Prior to spectroscopic analysis 
in the 350–850 nm wavelength range, the electrodes were thoroughly rinsed with ethanol to remove any 
unbound components. This technique allowed for non-destructive confirmation of the adsorption onto the 
TiO2 surface.

RESULTS AND DISCUSSION 
Synthesis and characterization of functionalized gold nanoparticles
Calendula officinalis dyes extraction

After the extraction of C. officinalis, UV-Vis spectra were performed, and serial dilutions were performed 
until the absorbances measured were above 1 UA to calculate carotenoid concentration in the extract, 
according to the extinction coefficient estimation by Britton et al. 2004 (Figure 2).62 
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Figure 2. UV-Vis spectra of solutions containing the extracts from Calendula 
officinalis. Black lines correspond to the first extraction (in legend denoted 
1E), while red lines correspond to the second extraction (in legend denoted 
2E). The dilution factor for each spectrum is shown in the legend above. Being 
the most diluted fraction drawn in dashed lines.

Based on the extinction coefficients calculated following Britton et al. (2004)62 and absorbance measurements 
at the characteristic carotenoid maximum (447 nm), the total carotenoid concentrations were determined to 
be 0.196 ± 0.006 mM for the first extraction (1E) and 0.442 ± 0.002 mM for the second extraction (2E). Due 
to its higher concentration and comparable spectral profile, extraction 2E was selected for all subsequent 
functionalization experiments (see calculations in the Supplementary Material).

Citrate-reduced gold nanoparticles characterization
Prior to functionalization with Calendula officinalis extract, the citrate-stabilized gold nanoparticles 

(AuNP-Cit) were thoroughly characterized. UV-Vis spectroscopy revealed a characteristic localized surface 
plasmon resonance (LSPR) peak at 520 nm (Figure SM-1). Transmission electron microscopy (TEM) 
analysis demonstrated that the synthesized AuNP-Cit exhibited a predominantly spherical morphology 
with an average diameter of dTEM = (16 ± 3) nm (Figure 7). Dynamic light scattering (DLS) measurements 
indicated a hydrodynamic diameter of dh = (19 ± 3) nm with a polydispersity index (PDI) of 0.23 ± 0.03 
(Figure SM-2). The zeta potential value of (-52 ± 2) mV confirmed the presence of negatively charged 
citrate ions on the nanoparticle surface, providing electrostatic stabilization and preventing aggregation in 
aqueous solution. These baseline characteristics of AuNP-Cit serve as a reference point for evaluating the 
subsequent modifications introduced by Calendula officinalis extract functionalization. Similar results were 
obtained by Méndez et al.55 and Fagúndez et al.56 
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AuNP-Cit:EtOH ratio optimization
As stated, Calendula officinalis dyes were extracted using ethanol. Since EtOH is less polar than water, it 

alters the colloidal stability of AuNP-Cit by shielding the charge between citrate molecules. Also, the presence 
of EtOH reduces the dielectric constant in the media, which, in turn, lowers the repulsion between AuNP-
Cit. In sum, these effects tend to aggregate AuNP-Cit particles, so prior to the AuNP-Cale derivatization, 
the AuNP-Cit aqueous solution to EtOH relation was optimized by diluting AuNP-Cit in EtOH, and UV-Vis 
spectra were recorded (Figure SM-3).

It is clear from Figure SM-3 that AuNPs aggregate when the proportion of AuNP-Cit to EtOH is greater 
than 1:4. This is concluded based on the position of the localized surface plasmon resonance (LSPR), which 
has its maxima near 520 nm when AuNPs are not aggregated, and bathochromic shifts due to plasmonic 
coupling towards 620 nm when AuNPs aggregate. That is, higher AuNP-Cit to EtOH proportions diminish 
its absorbance at 520 nm and increase the absorbance at 620 nm, suggesting a shift of AuNPs from a non-
aggregated to an aggregated state. In the case of 1:4 proportion, this mixture was borderline aggregation, 
so for conservative reasons 1:9 was the proportion against EtOH chosen for further analysis. 

UV-Vis absorption spectrophotometry and LSPR position
Once the optimal AuNP-Cit with Calendula officinalis extract relation was determined, a fast procedure 

for AuNP-Cit derivatization with calendula extract confirmation was established as follows: Firstly, AuNP-
Cit UV-Vis spectra were taken in serial dilutions. The LSPR position was determined by taking the point 
where the derivative of dAbs/dλ = 0 (λLSPR = 519 nm) and at the mentioned wavelength absorbance was 
measured for every dilution, generating the calibration curve in Figure 3.

Figure 3. The absorbance at the LSPR wavelength (λ = 519 nm) was plotted as a function 
of AuNP-Cit concentration (% v/v), where 100% is the Turkevich synthesis product ([AuNP] 
≈ 10 nM). The linear relationship y = (0.036 ± 0.002)x – (0.03 ± 0.03), R2 = 0.993, followed 
by ANOVA analysis demonstrates that absorbance is an additive property within the 
measured range (0 – 30% v/v), following the Beer-Lambert law.
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Lastly, the same procedure was followed with AuNP-Cale (calendula extract to AuNP-Cit 1:9 v/v proportion) 
and water dilutions as shown in Figure SM-4. From the mentioned figure, UV-Vis spectra were taken, 
derivatives were calculated, and the point where dAbs/dλ = 0 was measured only for the peak corresponding 
to AuNP LSPR signal. By so doing, the LSPR position turned out to be λLSPR = 510 nm, showing a clear 
hypsochromic shift from the AuNP-Cit. Usually, the λLSPR shifts towards a greater wavelength since it is 
proportional to the media dielectric (ε). So, functionalizing with greater molecules augments ε concomitant 
to λLSPR bathochromic shifts. On the contrary, a hypsochromic shift was observed. Two hypotheses are 
proposed: (i) the extract’s carotenoids could interact with the conjugated π electrons, which could be 
“extracting” electronic density from the plasmon surface, leading to a hypsochromic shift; and (ii) it’s not 
possible to confirm derivatization by the LSPR shifting since the Calendula officinalis extract’s spectra have 
a clear “shoulder” at λ = 495 nm, and it could be overlapping with the LSPR “unshifted” at 520 nm. In this 
case, the convolute peak is expected to be at 510 nm. From the abovementioned, there is little evidence 
yet to confirm an effective conjugation of AuNP with the carotenoids contained in the Calendula officinalis.

To confirm the functionalization, DLS and ELS measurements were also performed.

Dynamic light scattering
Through DLS analysis, the hydrodynamic diameter (dh) of a particulate system dispersed in a continuous 

phase can be determined.63 In this case, this refers to the AuNP-Cit and AuNP-Cale colloids in aqueous 
solution.

It is important to note that this technique is based on light scattering physics described by the “Tyndall 
Effect”, so it is highly sensitive to nanoparticle diameter (I α d6).64-66 Consequently, the intensity distribution 
plot I = ꬵ (d) oversize the presence of larger AuNPs due to the sixth-power dependence of intensity. In 
addition, even a small minority of simple aggregates will be disproportionately represented in this graph 
(Figure 4, left). Taking the previous in mind, one could argue that there are two groups of AuNP-Cale 
synthesized with hydrodynamic diameters of dh = (26 ± 3) nm and dh = (122 ± 13) nm, which, as stated 
above is an overrepresentation of the fraction of AuNP-Cale aggregates.

For this reason, the number distribution plot N = ꬵ (d) is also generated, as it indicates the majority 
population based on corrections applied to the autocorrelation function using known optical parameters 
theoretically derived from Mie equation.67,68 (Figure 4, right). 

	 	  
Figure 4. Intensity (left) and number (right) distribution as a function of hydrodynamic 
diameter of particles in suspension. Solid lines represent individual measurements (n = 6) 
and the dashed line corresponds to the average curve of all measurements.
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Altogether, from the N = ꬵ (d) graph, a hydrodynamic diameter of dh = (25 ± 3) nm, with a PDI of 0.29 ± 
0.01 was determined, in accordance with the dh obtained for the small diameter group in the I = ꬵ (d) graph 
in Figure 4, left. The same procedure was followed for AuNP-Cit, obtaining from N = ꬵ (d) to dh = (19 ± 3) 
nm (Figure SM-2).

These results show an increment by approximately 10 nm in the AuNP-Cit hydrodynamic diameter after 
derivatization procedure. DLS is highly sensitive to the presence of aggregates and changes in the hydration 
layer, so it cannot be assured that this increase is solely attributable to successful derivatization. If we were 
to consider this increase solely due to calendula adsorption, this growth was predicted by the following 
analysis: if it is assumed that the length of the functionalizing carotenoids is determined by lycopene, which 
is the longest carotenoid from the main three, involving 40 carbon atoms, of which 32 are sp2 conjugated 
single and double bonds; that the average bond length is approximately 1.4 Å and that the molecule has its 
longer axis perpendicular to the AuNP surface; then it is expected the final diameter to grow d = 1.4 × 32 = 
44.8 Å, each side of the sphere, so a total of roughly 89.6 Å ≈ 9 nm. Since citrate is such a small molecule, 
following the same reasoning, it is presumable that it provides only 1 nm per side to the AuNP core. In 
sum, the difference in dh observed between AuNP-Cit and AuNP-Cale could be attributable to AuNP-Cit 
derivatization but need confirmation by other techniques.

Furthermore, the expected diameters of both AuNP-Cit and AuNP-Cale by transmission electron 
microscopy (TEM), should be in the range of 15 nm ≤ dexpected ≤ 16 nm since this is the diameter of the AuNP 
core (dexpected = dh - 2.rligand, where rligand is ligand longest axis length). To confirm these results AuNPs core 
diameter was measured by TEM.

Transmission electron microscopy
TEM measurements confirmed the AuNPs core diameter predicted by calculations based on the 

hydrodynamic diameter (dh) determined by DLS.
For AuNP-Cit, TEM diameters (dTEM) were determined for n = 372 individual AuNPs from 10 micrographs 

using FIJI software (Figure 5). 

	 	  
Figure 5. Left: TEM micrograph of citrate-reduced gold nanoparticles (AuNP-Cit) synthesized 
via the Turkevich method. The image shows spherical nanoparticles with varying degrees 
of aggregation. The scale bar indicates 100 nm. Right: Size distribution histogram of AuNP-
Cit as a function of particle diameter. The synthesis resulted in particles with a diameter 
dTEM = (16 ± 3). The discrete particles and small aggregates suggest successful formation 
of the desired colloidal gold system.
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Random noise was manually diminished by outruling individuals AuNPs of areas less than A = 11 nm2 
(dTEM < 4 nm) since they could be software artefacts from B&W noise in the picture. The presence of 
aggregates in some micrographs made individual nanoparticle measurement difficult, so they were excluded 
by applying a circularity threshold higher than 0.8 and restricting the area to less than 3000 nm2. On doing 
so, a population of n = 253 individuals with the distribution presented in Figure 5 (right) was obtained.

The TEM size distribution analysis revealed a unimodal population distribution, with the majority of particles 
centered at approximately 16 nm and a minor subpopulation observed around 35 nm. These observations 
are consistent with the high polydispersity index obtained from dynamic light scattering (DLS) measurements, 
indicating significant heterogeneity in the sample’s size distribution. From the gaussian fitting of the count 
graph for majority population, a diameter of dTEM = (16 ± 3) nm was obtained. In accordance with dexpected, 
predicted from the dh measured by DLS for both AuNP-Cit and AuNP-Cale.

Electrophoretic light scattering
The ζ-potential of a NP solution (diffuse layer potential) gives an idea of the surface charge of the 

NP and, therefore, of its stability (in terms of the interactions that keep the solid species dispersed in a 
homogeneous medium).69 

It is considered that surface charges ζ-potential > 30 mV or ζ-potential < 30 mV are sufficient to overcome 
the weak attractive interactions between the dispersed particles in the homogeneous phase, so that NP 
whose ζ-potential meet the previous requirement are considered a stable NP colloidal suspension.

Considering the above, 12 ELS tests were carried out, obtaining a ζ-potential = (-52 ± 2) mV, indicating 
that the AuNP-Cit are stable under the working conditions (pH = 5 and T = 25 ºC).

In comparison, the ζ-potential obtained for the AuNP-Cale was ζ-potential = (-2 ± 6) mV, suggesting 
that the carotenoids of the C. officinalis extract displaced the citrates on the AuNP surface. Since those 
carotenoids are not charged, compared to citrate groups at pH 5—where two of three citrate carboxylic 
acid groups are ionized—if the derivatization is successful, it is expected to be a diminishment to round 
zero ζ-potential, from citrate to carotenoids, just as our results show.

Previously, ζ-potential was associated with the electrostatic repulsion forces needed for stable NP 
colloidal suspension. So, it is clear that AuNP-Cale does not fulfil this requirement. Thus, assessing a 
colloidal stability assay is mandatory to analyze how this diminishment in ζ-potential affected NP stability.

Colloidal stability assay
Colloidal stability was followed by spectrophotometry in the visible range at wavelengths of 520 nm 

(LSPR maxima), 650 nm plasmonic coupling’s bathochromic shifts and 455 nm (maximum absorption of 
carotenoids, Figure 2). No changes were observed at 455 nm regarding increasing NaCl concentration 
(data not shown).

It was detected an increase in the critical concentration of NaCl (the concentration at which half of the NPs 
are aggregated) from [NaCl]c = (22 ± 2) mM for AuNP-Cit to [NaCl]c = (61 ± 1) mM for AuNP-Cale (Figure 6).

From this result, it is confirmed that, apart from having successfully achieved the functionalization of 
AuNP with carotenoids from C. officinalis, the same improves their stability, in contrast of what was expect 
by ELS measurements.
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Figure 6. AuNP-Cit and AuNP-Cale colloidal stability assay, followed by 
UV-Vis spectrophotometry at 650 nm.

This apparent contradiction can be explained since the structure of carotenoids could provide extra steric 
stabilization that prevents nanoparticles from approaching each other, even when electrostatic repulsion 
is minimal. Also, carotenoids possess hydrophobic regions (polyene chains) and polar groups (hydroxyl 
groups in flavoxanthin and lutein). In this sense, interaction between hydrophobic groups of carotenoids 
(mainly Van der Walls interactions), and hydrophilic interactions between carotenoids and the solvent 
(hydrogen bonds and dipole mediated interactions) allow them to organize on the surface of NPs forming 
an effective protective layer.

In summary, Table I presents the key physicochemical parameters obtained for AuNP-Cit and AuNP-
Cale, and the combined evidence from multiple characterization techniques demonstrates successful 
functionalization. 

Table I. Comparative physicochemical characterization of AuNP-Cit and AuNP-Cale

Parameter AuNP-Cit AuNP-Cale Change

λLSPR (nm) 519 510 - 9 nm

dh (nm) 19 ± 3 25 ± 3 + 6 nm

dTEM (nm) 16 ± 3 16 ± 3 No change observed

ζ-potential (mV) - 52 ± 2 - 2 ± 6 + 50 mV

Colloidal stability against 
[NaCl] (mM) 22 ± 2 61 ± 1 + 39 mM
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Then, to further evaluate the nature of the functionalization, cyclic voltammetry studies were conducted.

Cyclic voltammetry
Voltammetric profiles for FTO/TiO2 electrodes were recorded for the solutions containing AuNP-Cit, Cale, 

or AuNP-Cale in the supporting electrolyte. Distinct differences were observed, highlighting interesting 
variations in the redox behavior of the analyzed species (Figure 7).

Figure 7. Voltammetric profiles recorded using FTO/TiO2 electrodes 
for different analytes in the supporting electrolyte 0.1 M NaClO4:EtOH 
(1:1) (Sprt, green lines), citrate reduced gold nanoparticles (AuNP-Cit, 
black lines), gold nanoparticles functionalized with C. officinalis extract 
(AuNP-Cale, red lines) and C. officinalis extract (Cale, blue lines). Scan 
rate: 50 mVs-1. Straight, dashed and dotted lines correspond to the first, 
second and third voltammetric scans respectively.

As deduced from the voltammetric profiles, two main redox processes were detected for all the evaluated 
samples: an anodic contribution at ca. 1.5 V and a redox species at ca. -0.6 V (a cathodic contribution 
and, after cycling, a related anodic peak appeared). The oxidation peak at ca. 1.5 V could be ascribed to 
the -OH oxidation. Regarding the species at ca. -0.6 V, the cathodic and anodic peaks are ascribed to a 
process involving allylic oxygen, found in the carotenoids from AuNP-Cale and Cale, but not present in 
AuNP-Cit, as reported.70,71 

To further analyze this voltammogram, Figure 8 zooms in on the red and blue windows in Figure 7.
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Figure 8. Voltammetric profiles recorded using FTO/TiO2 electrodes for different analytes 
in the supporting electrolyte 0.1 M NaClO4:EtOH (1:1). Zoomed from red window (left) and 
blue window (right) in Figure 7, colors and lines are as in the figure mentioned.

From Figure 8 (left), it is observed that profiles recorded within the -0.75 to 0.0 V range in the presence 
of AuNP-Cit show no discernible differences, i.e., the area, potential and shape are the same for the three 
potential scans. On the contrary, voltammetric profiles recorded from Cale solutions showed progressively 
increasing areas in every cycle. This behavior can be attributed to the electrochemical activity of carotenoids 
present in Calendula officinalis extract.70 During the first cycle, electroactive carotenoids undergo redox 
reactions at the electrode surface allowing the adsorption of the involved species, which leads to a partial 
passivation of the electrode surface. This passivation subsequently increases the capacitive current in the 
following cycles, resulting in larger areas for the intensity current peaks. The progressive increase in area 
with each cycle suggests that this passivation process continues incrementally as more carotenoids interact 
and adsorb onto the electrode surface. The same behaviour is observed in the presence of AuNP-Cale 
conjugate, suggesting that the derivatization was successful and that the gold nanoparticles are, at least, 
partially covered with Calendula officinalis extract.

In addition, the anodic intensity current peaks were found at -0.65 V for AuNP-Cale, whereas are detected 
at -0.50 V for Cale alone. It could be argued, that besides the AuNP-Cit peaks have very small currents, 
their dI/dV = 0 values are closest to AuNP-Cale that to Cale alone. In this sense, it is suggested that the 
voltammogram corresponds to a different entity than both above-mentioned.

Thus, AuNP-Cale is a well-functionalized AuNP with Calendula officinalis extract, according to these 
voltammetric results. This conclusion is supported by both panels of Figure 8.

Following all the observations arising from the voltammetric measurements, it can be highlighted that: (1)
profiles and features related to the redox behaviour coming from Cale extracts differ significantly from those 
observed when linked to the AuNP; (2) redox behaviour recorded in the presence of AuNP-Cit is different 
from that observed for AuNP-Cale; and (3) when AuNP-Cale solutions are evaluated, the voltammetric 
profiles significantly differs from those arose using pure Cale solutions. Then, conjugation between AuNP-
Cit and Cale could be confirmed. The stability of the AuNP-Cale is good enough to support the application 
of different potential routines.

Technological evaluation of AuNP-Cale
AuNP-Cale as a dye-sensitized solar cell sensitizer

Having confirmed the successful functionalization of gold nanoparticles with Calendula officinalis extract 
through comprehensive physicochemical and electrochemical characterization, we next explored the potential 
technological application of this nanoconjugate as a sensitizer for DSSC.
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To evaluate AuNP-Cale as a sensitizer, cells containing Cale, AuNP-Cit and AuNP-Cale were assembled. 
Cale was also used in a co-adsorption procedure, and AuNP-Cit was added in a sequential step. Measurements 
using citrate as sensitizer were taken as a blank experiment.

The performance of each configuration was evaluated through current-voltage measurements under 
simulated solar illumination (Table II) and electrochemical impedance spectroscopy in darkness (Table III).

Table II. Photovoltaic properties of cells assembled with different sensitizers. All measurements 
were performed under one sun light intensity of 100 mW cm-2, AM 1.5 G and the active areas were 
0.36 cm2 for all the cells. JSC is the short-circuit current density, VOC the open circuit potential, FF 
is the fill factor and η is the power conversion efficiency (PCE). Average values coming from at 
least three independent assembled cells.

Dye η (%) FF VOC (V) JSC (A cm-2)

Cale 0.020 0.36 0.24 2.2 10-4

AuNP-Cale 0.012 0.35 0.20 1.7 10-4

AuNP-Cit 0.019 0.33 0.30 1.8 10-4

Cale + AuNP 0.040 0.39 0.28 7.2 10-4

Citrate 0.027 0.45 0.42 1.4 10-4

Some facts can be deduced from the measured results. Firstly, when applied as a sensitizer, the 
conjugated AuNP-Cale did not improve the DSSC performance. The reason is that the conjugate split in the 
components, also considering that the photoanode prior to the cell’s assembly is pink-coloured and became 
colourless after 60 min inside the DSSC (i.e., in contact with the electrolyte solution). This makes sense 
since the carotenoids and xanthophylls of the cell extract possess only a few OH groups that can interact 
with the AuNP or the TiO2. Then, when conjugated AuNP-cale are added to the FTO/TiO2 photoanode, cale 
is adsorbed onto the semiconductor involving the same functional groups bonded to the AuNP. Nevertheless, 
the efficiency improvement was measured when adding the AuNP-Cit to the FTO/TiO2/Cale electrode. In this 
case, the cell’s performance is probably related to a better electrode surface coverage. When compounds 
of the cale extract adsorbed to the semiconductor, some surface patches remained uncovered. Then, those 
areas could be covered by the added AuNP-Cit, improving the electrode transference between dyes and 
the semiconductor and, therefore, increasing the cell’s efficiency. 

From the electrochemical impedance spectroscopy measurements, characteristic times of the cell 
were determined (Table III). As previously reported, transmission line-based model was employed to fit the 
measured profiles.

Table III. Values obtained from fitting the experimental data measured at V = 0.45 V, in darkness, 
using a transmission line-based model. Γt is the time constant for the transport of the injected 
electrons that diffuse through the nanoparticle network (calculated as Γt = Rt × Cµ, with Cµ, 
the chemical capacitance at the TiO2/dye/electrolyte interface associated with the variation in 
the electron density and the displacement of the Fermi level); Γrec, the recombination time that 
reflects the lifetime of an electron in the photoanode (calculated as Γrec = Rct × Cµ).

AuNP-Cit Cale + AuNP-Cit 
sequential Cale

Γrec = Rct x Cµ / s 0.057 0.0200 0.0120

Γt = Rt x Cµ / s 0.011 0.0007 0.0002
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The performances of the DSSCs have to be explained by the differences in the time-constant values. 
For this reason, DSSCs sensitized with AuNP-Cit are among the worst measured, because of their high Γt. 
In addition, DSSCs showed high Γrec values, which is essential to ensure an acceptable cell’s efficiency.

As expected, more efficient cells are those with lower Γt times and higher Γrec ones. For the evaluated 
cells, these facts are shown for DSSC sensitized with a mixture of the extracted dye followed by the 
addition of AuNP. This is in agreement with our previous studies, where we reported the application of silver 
nanoparticles as co-adsorbents improves DSSC performance, highlighting the importance of achieving 
greater surface coverage to reduce direct electron transfer between the TiO2 and the redox couple of the 
electrolyte.72 

Infrared spectroscopy
IR spectra were taken to determine if conjugation was achieved by covalent bonding or by Van der 

Walls interactions. Also, to determine if the DSSCs were sensitized with the dye and/or with the AuNP-Cale 
conjugate.

Figure 9 shows the spectra of AuNP-Cit, AuNP-Cale and Cale alone, before sensitization. In parallel, 
Figure 10 shows AuNP-Cit, AuNP-Cale and Cale with and without TiO2.

Figure 9. FTIR spectra of AuNP-Cit (black line), AuNP-Cale (red line), 
and Cale (blue line) in the 700-2300 cm⁻¹ region. Black arrow indicates 
COO⁻ asymmetric stretching, red arrows indicate COO⁻ symmetric 
stretching, and blue arrows indicate C-OH stretching.

From Figure 9, the main absorption band appreciated has its minimum centered in ῦ = 1645 cm-1 (black 
arrow), which corresponds to both COO- asymmetric stretching (from the citrate of AuNP-Cit). It is well 
established that the asymmetric COO- stretching occurs at ῦ = 1715 cm-1 and the inductive effect on the 
stretching environment provokes shifting towards lower energies,73 as seen in the spectra. Also, the C=C 
stretching energy from polyenes (like those from the main carotenoids presented in Figure 1) occurs at the 
abovementioned wavenumber. The next evident peak, which minimum is centered at ῦ = 1405 cm-1 (red 
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arrows), corresponds to the symmetric stretching of COO-, which was observed only in the AuNP-Cit as 
expected. The last distinctive peak observed, which occurs at ῦ = 1070 cm-1 (blue arrows), corresponds to 
the C-O stretching of alcohols (as those from the citrate in AuNP-Cit). In the case of Cale, the C-O from the 
carotenoids shown in Figure 1 (except lycopene) have a different environment than those from the citrate. 
In addition, the extensive network of conjugated double bonds may affect the whole structure’s electronic 
distribution, consequently lowering the vibration energy towards a wavenumber of ῦ = 1000 cm-1. Here, it 
is proposed that the C-O that were forming C-OH bonds are now involved in the coordination with the gold 
nanoparticle surface (C-O-Au), which may lower the energies out of the spectra, diminishing its intensity 
until it is undetectable.

Some significant differences are observed when AuNP-Cit is compared with TiO2/AuNP-Cit (AuNP-Cit 
after derivatization, Figure 10-a). The main difference is that AuNP-Cit shows deeper minima in the regions 
of approximately ῦ = 1400 cm-1 (Figure 9, red arrows) and ῦ = 1070 cm-1 (Figure 9, blue arrows). In parallel, 
TiO₂/AuNP-Cit presents a flatter profile in the mentioned region. Regarding the region of ῦ = 1645 cm-1 
(corresponding to COO- asymmetric stretching Figure 9, black arrow), it could be argued that this vibrational 
mode wasn’t affected by TiO2 sensibilization. On the other hand, symmetric stretching of COO-, which is 
observed around ῦ = 1400 cm-1 was appreciably diminished after derivatization, suggesting coordination 
of COO- with both TiO2 and Au, causing the restriction of that particular vibration. Finally, the practically 
disappearing of the ῦ = 1070 cm-1 minima (corresponding to C-OH stretching of the citrate) suggests the 
place for bonding formation between AuNP-Cit and TiO2, probably Au-O(COOH)-C-O(COH)-Ti, where O(COOH) 
corresponds to carboxylate oxygen, and O(COH) corresponds to the alcohol oxygen.

	 	  

Figure 10. FTIR spectra of AuNP-Cit (a), Cale (b) and AuNP-Cale (c) alone (black lines) 
and adsorbed onto TiO2 (red lines).

(c)

(b)(a)
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When Cale is compared with TiO2/Cale (Cale after derivatization, Figure 10-b), the differences observed 
are comparable to those between Cale and AuNP-Cale. It is proposed that the hydroxyl and carbonyl 
groups of carotenoids appear to form coordination bonds with the TiO₂ surface, as they did with the gold 
nanoparticles, as evidenced by a general flattening of the spectrum and a decrease in the intensity of 
characteristic OH and C-O-C peaks.

No significant changes are observed when AuNP-Cale is compared with TiO2/AuNP-Cale (AuNP-Cale 
after derivatization, Figure 10-c). Following the above reasoning, carotenoids from Calendula officinalis are 
now bonded to the gold nanoparticle, to the TiO2 or both, being FTIR spectroscopy insufficient to conclude 
in this sense firmly. Because of this reason, FORS was performed as follows.

Fiber optic reflectance spectroscopy
FORS was performed for dyes adsorbed onto the TiO2 before and after the DSSC was assembled, 

specifically before and after immersion in the iodine-based electrolyte used in the assembled cells (Figure 
11). In all evaluated cases, absorbance profiles were improved after contacting the iodine-based solutions, 
probably due to the desorption of molecules attached to the TiO2 surface through weak bondings. For 
samples measured before the DSSC built-up, it is appreciable that AuNP-Cale spectra are the sum of both 
AuNP-Cit and Cale spectra. AuNP-Cit and AuNP-Cale have their maxima of 520 and 540 nm, respectively, 
as expected from the LSPR position. 

Figure 11. UV-Vis reflectance spectra of AuNP-Cit (red line), Cale (blue 
line) and AuNP-Cale (green line) before and after DSSC assembly 
(straight and dashed lines respectively) in the visible 350-850 nm range.

However, some features changed after the DSSC assembly and getting in contact with the iodine-based 
solutions. Spectra for Cale and AuNP-Cale are almost identical. 

This is in line with what was observed when evaluating the DSSC: cells sensitized with the conjugate 
AuNP-Cale showed a similar power conversion efficiency to those sensitized with the components separated. 
Figure 11 shows that in all cases studied, absorbance profiles were improved after getting in contact with 
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the iodine-based solutions, probably to desorption of molecules attached to the TiO2 surface through weak 
bonding. When attached to the TiO2, carotenoids involved the same functional groups that bond the AuNP. 
Therefore, the conjugate is split into the elements, as confirmed by the reflectance spectra measured after 
the cell’s evaluation. 

CONCLUSIONS
Calendula officinalis extract was evaluated as a functionalization agent for gold nanoparticles (AuNPs), 

using citrate-reduced AuNPs (AuNP-Cit) as a reference. The resulting nanoconjugate, AuNP-Cale, underwent 
comprehensive characterization using DLS, ELS, colloidal stability assay, TEM, and spectroscopy.

Functionalization was confirmed by increased hydrodynamic diameter and reduced zeta potential of 
AuNP-Cale compared to AuNP-Cit. Despite the reduced zeta potential, the AuNP-Cale showed improved 
colloidal stability, which was attributed to the potential steric stabilization provided by the carotenoids in 
the extract. Voltammetry, FTIR and FORS analyses further supported the successful derivatization and 
possible interactions with the AuNP and TiO2 surfaces.

AuNP-Cale was then explored as a sensitizer for DSSCs. While pre-formed AuNP-Cale did not enhance 
DSSC efficiency when applied directly, improved performance was achieved when AuNP-Cit was added 
sequentially after the C. officinalis extract on the TiO2 electrode. This enhanced performance correlated 
with improved light absorption (FORS) and favorable EIS parameters, likely resulting from better electrode 
coverage achieved by the sequential deposition method.
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SUPPLEMENTARY MATERIAL

Carotenoid concentration calculation
According to Britton, G. et al. 2004 (reference No. 62 in the article), the molar absorption coefficient of 

carotenoids can be estimated using Equation (1):

	  	 Equation (1)

Where A1% is defined as the theoretical absorbance of a solution of 1% (w/v) concentration in a cuvette 
with a path length of b = 1 cm. 
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According to Kishimoto, S. et al. 2005 (reference No. 43 in the article), the main carotenoids present in 
Calendula officinalis are flavoxanthin (28.5 %), luteoxanthin (11.0 %) and lycopene (8.7 %). Taking these 
carotenoids as the only components in the sample (normalized to 100%), these percentages become 
59.1%, 22.8%, and 18.1% for flavoxanthin, luteoxanthin, and lycopene, respectively. From the handbook 
previously mentioned (reference No. 62 in the article), A1% at the absorption maxima of these carotenoids 
were found to be:

,  and

The molecular weights of these carotenoids are:
MWLycopene = 536 g mol-1, MWFlavoxanthin = 568 g mol-1 and MWLuteoxanthin = 568 g mol-1 

Applying Equation (1), the absorption coefficients are:
εLycopene = (3450 × 536)/10 = 184,920 L mol-¹ cm-¹
εFlavoxanthin = (2570 × 568)/10 = 145,976 L mol-¹ cm-¹
εLuteoxanthin = (2940 × 568)/10 = 166,992 L mol-¹ cm-¹

Meanwhile, applying the additivity property of absorptivity, the mixture coefficient is:
εmix = ∑(xi × εi). 

So, for C. officinalis it is:
εcale = (0.591×145,976) + (0.228 × 166,992) + (0.181 × 184,920) = 157,817 L mol-¹ cm-¹ 

Once the εcale was determined, carotenoids concentration in Calendula officinalis determination is trivial, 
by the Bouguer-Lambert-Beer’s Law, in this sense:

For 1E extraction:
A1 = 0.6311 × 50 = 31.555, [Carotenoid] = 31.555 / (157,817 × 1) = 0,000199947 M
A2 = 1.0074 × 30 = 30.222, [Carotenoid] = 30.222 / (157,817 × 1) = 0,0001915 M
The, 1E extraction concentration is [Carotenoid] = (0,196 ± 0,006) mM

Analogously, for 2E extraction:
A1 = 0.6951 × 100 = 69.51, [Carotenoid] = 69.510 / (157,817 × 1) = 0,000440447 M
A2 = 1.3395 × 50 = 69.975, [Carotenoid] = 69.975 / (157,817 × 1) = 0,000443393 M
The, 2E extraction concentration is [Carotenoid] = (0,442 ± 0,002) mM

AuNP-Cit UV-Vis spectra
AuNP-Cit UV-Vis spectra were taken in serial dilutions. The LSPR position was determined by taking 

the point where the derivative of dAbs/dλ = 0 (curve maxima).
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Figure SM-1. AuNP-Cit absorbance spectra in serial dilutions. The legend 
refers to % v/v, where 100% is the Turkevich synthesis product ([AuNP] ≈ 
10 nM).

AuNP-Cit DLS
To determine the hydrodynamic diameter of AuNP-Cit particles, DLS measurements were performed.

Figure SM-2. Number distribution as a function of hydrodynamic diameter 
of AuNP-Cit particles in suspension. Solid lines represent individual 
measurements () and the dashed line corresponds to the gaussian fitting of the 
average curve of all measurements (average curve not shown). Hydrodynamic 
diameter obtained: dh = 19 ± 3 nm. 

AuNP-Cit VS Ethanol proportion optimization
To determine the optimal AuNP-Cit VS Ethanol proportion, UV-Vis spectra were recorded at increasing 

proportion of EtOH, from (1:9) to (1:1) against AuNP.
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Figure SM-3. Visible spectra of AuNP-Cit with increasing 
proportion of EtOH (legend above graph).

AuNP-Cale UV-Vis and LSPR shift

Figure SM-4. UV-Vis spectra of AuNP-Cale and it’s first derivatives (denoted 
absorbance rates) with increasing dilution in water. Straight lines represent the 
UV-Vis spectra, while dashed lines represent the absorbance rates (legend 
above graph). An auxiliar axis at dAbs/dλ = 0 was added to facilitate maxima’s 
reading.
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