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Abstract

Quasi-fractal gold nanoparticles can be synthesized via a modified and temperature controlled 

procedure initially used for the synthesis of star-like gold nanoparticles. The surface features of 

nanoparticles lead to improved enhancement of Raman scattering intensity of analyte molecules 

due to the increased number of sharp surface features possessing numerous localized surface 

plasmon resonances (LSPR). The LSPR is affected by the size and shape of surface features as 

well as inter-nanoparticle interactions, as these affect the oscillation modes of electrons on the 

nanoparticle surfaces. The effect of the particle morphologies on the localized surface plasmon 

resonance (LSPR) and on the surface-enhancing capabilities of these nanoparticles is explored by 

comparing different nanoparticle morphologies and concentrations. We show that in a fixed 

nanoparticle concentration regime, quasi-fractal gold nanoparticles (gold nanocaltrop) provide the 

highest level of surface enhancement, whereas spherical nanoparticles provide the largest 

enhancement in a fixed gold concentration regime. The presence of highly branched features 

enables these nanoparticles to couple with a laser wavelength, despite having no strong absorption 

band and hence no single surface plasmon resonance. This cumulative LSPR may allow these 

nanoparticles to be used in a variety of applications in which laser wavelength flexibility is 

beneficial, such as in medical imaging applications where fluorescence at short laser wavelengths 

may be coupled with non-fluorescing long laser wavelengths for molecular sensing.
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1. Introduction

The magnitude of a Raman scattering signal can be improved by several orders of magnitude 

by having a roughened noble-metal substrate present or close to the sample being studied 
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[1–3]. The enhancement provided by noble metal substrates can be mimicked by 

nanoparticles and described by their local surface curvature and size [4, 5]. The varied 

surface features present on some nanoparticle morphologies affects the adsorption of 

molecules on the nanoparticle as well as the oscillation modes of surface electrons, and 

hence the interaction of molecules with the local surface plasmons. Thus, a collection of 

nanoparticles with numerous sharp surface features should provide more surface-

enhancement than a collection of similarly sized nanoparticles with smooth surfaces. 

Explanations of Raman surface-enhancement are based on several phenomena: collective 

nanoparticle surface plasmons, localized surface plasmons of individual nanoparticle 

features, and electromagnetic field line crowding (hotspots). The presence of hotspots can in 

part be due to the surface roughness of nanoparticles, as well as the nanoscale spaces present 

between nanoparticles [6–8]. Additionally, the local electromagnetic field associated with 

surface plasmon resonances (SPR) can be increased through the presence of high-curvature 

surface features, such as sharp tips or points. Nanoparticles with sharp surface features, such 

as star-like gold nanoparticles (SGN), have a demonstrated sensitivity to changes in the 

dielectric environment, in addition to a large surface-enhancing potential, as compared with 

more uniform nanoparticles of similar size [9–11].

The effect of nanoparticle concentration on their ability to provide surface enhancement has 

also been studied. The sometimes intuitive approach of increasing the number of 

nanoparticles to increase the signal intensity may prevent molecules from adsorbing on 

plasmonic nanoparticles because of nanoparticle aggregation, limiting the ability for the 

molecule’s signal to be enhanced. It has been shown that there are ideal concentrations of 

plasmonic nanoparticles for use in surface-enhanced Raman spectroscopy (SERS) based on 

nanoparticle surface geometry and surface plasmon resonance. Ideally, the ratio of 

nanoparticles to analyte should be kept low enough to establish a monolayer of nanoparticles 

on a surface, with enough analyte to not completely cover a nanoparticle’s surface [12, 13].

In the present work, we studied the effects of two properties of gold quasi-fractal 

nanoparticle systems on their Raman signal enhancement: (1) The effect of nanoparticle 

morphology on their surface-enhancing potential and the relationship between the surface 

plasmon resonance (SPR) and the morphology and size, and (2) The effect of nanoparticle 

concentration on a system that possesses varying surface plasmon resonances and differing 

levels of surface inhomogeneity. These effects were tested using malachite green dye on 

nanoparticle coated silicon surfaces to allow for identical sample preparation and sample 

interaction volumes.

2. Materials and Methods

2.1. Nanoparticle syntheses

All chemicals utilized for the nanoparticle syntheses were purchased from Sigma-Aldrich. 

Ultrapure de-ionized water (18.2 MΩ-cm) was obtained from a Millipore Direct Q3 water 

system. The star-like and gold nanocaltrop (quasi-fractal) syntheses were performed in a 

three-neck flask fitted with a Graham type condenser (400 mm) to establish a reflux system. 

The flask was filled with 10 mL of room temperature deionized water under constant 

magnetic stirring (500 rpm) and placed in a water bath and allowed to equilibrate. Then, 9 
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μL of a 0.013 mM solution of HAuCl4 (Sigma-Aldrich Cat. #484385) was added to the 

flask. After a few minutes of mixing, 100 μL of 11 mg/mL hydroquinone solution (Sigma-

Aldrich Cat. #H9003) was added into the flask and mixed for 5 minutes. The synthesis was 

concluded with the addition of 20 μL of 10 mg/mL sodium citrate tribasic dihydrate (Sigma-

Aldrich Cat. #S4641) solution to function as a capping agent for the particles and to increase 

their stability [9]. The flasks for the syntheses at temperatures of 45ºC and higher were then 

held in an 8ºC water bath for 15 minutes to quench additional reaction, and then allowed to 

reach room temperature for UV/Vis measurements.

The spherical gold nanoparticle synthesis follows the method described by Schulz et al., 

wherein a 15 mL sodium citrate/citric acid buffer solution (Sigma-Aldrich Cat. #S4641 and 

# 251275) (molar ratio 75:25) is brought to reflux and then mixed with 150 μL of 71.5 mM 

HAuCl4 solution. Formation of nanoparticles is confirmed by the mixture changing color 

from dark blue to dark red [14].

2.2. Characterization Techniques

UV/Visible Spectroscopy: The UV/Visible absorption profiles of the nanoparticle 

suspensions were acquired with a ThermoFisher Scientific Evolution 220 Ultraviolet-Visible 

Spectrometer (UV/Vis) over the range of 190-1100 nm at room temperature. Nanoparticle 

suspensions were stirred vigorously before 1 mL aliquots were deposited into a quartz 

cuvette.

Electron Microscopy: Electron microscopy was performed at Brookhaven National 

Laboratory’s Center for Functional Nanomaterials. Transmission electron microscopy 

(TEM) was performed on a JEOL JEM-1400 electron microscope at 120.0 kV and scanning 

electron microscopy (SEM) was performed on a JEOL JSM-7600F field emission SEM at 

5.0 kV. To prepare samples, 5 μL of nanoparticle suspensions were deposited on a copper 

grid (Ted Pella, Formvar/carbon 400 mesh) and allowed to dry. The grids were used for both 

transmission and scanning electron microscopy. TEM images were used to calculate the 

isoperimetric ratios of the various nanoparticles using ImageJ software (see Supplemental 

Material, Figure S1).

Dynamic Light Scattering: Dynamic light scattering measurements of the nanoparticle 

hydrodynamic diameters were also carried out at Brookhaven National Laboratory’s Center 

for Functional Nanomaterials on a Malvern Zetasizer Nano-ZS at 25.0ºC with the refractive 

index set to 1.400 and the absorption set to 0.100. Three cycles were run to measure the 

intensity average from which sizes were determined. This was done for three different 

syntheses to provide an overall data set.

SERS - Sample Preparation: Samples for surface-enhanced Raman Spectroscopy 

experiments were produced using pre-cut silicon wafers [p-type (boron)] (Ted Pella, 5×5mm 

diced). Silicon sections were washed for several minutes in a 1:100 (v/v) solution of 37% 

HCl with 70% ethanol (both from Fisher Scientific). After rinsing with copious amounts of 

deionized water and allowed to dry, the clean and dry silicon sections were placed in a 0.01 

% (w/v) poly-L-lysine solution (Sigma Aldrich) for 5 minutes. The poly-L-lysine 
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functionalized silicon sections were dried at 60ºC for 1 hour and then removed and cooled to 

room temperature, followed by 24 hours of incubation in nanoparticle suspensions at room 

temperature. After being removed and allowed to dry, 15 μL aliquots of 1.12 μM malachite 

green dye (Sigma-Aldrich Cat.#M6880) solution were then drop cast onto the samples and 

allowed to dry.

Two sets of samples were prepared: (1) A-set utilized nanoparticles as-prepared with 

identical initial concentrations of gold precursor, resulting in varied nanoparticle 

concentrations, and (2) B-set was prepared by diluting the original nanoparticle solutions 

with deionized water, such that all samples had identical concentrations of nanoparticles, 

resulting in different total amounts of gold. Theoretical concentrations of nanoparticles 

(3.8x108 np/mL) were calculated based on total amount of gold and nanoparticle 

hydrodynamic diameters.

SERS – Raman Setup/Processing: Raman measurements were performed on a 

HORIBA XploRA PLUS Raman microscope equipped with a motorized stage. Collection 

settings were a 638 nm laser (25mW) at 1% laser power, 100X objective, 600 gr/mm 

grating, 100 μm hole, 50 μm slit, with a 0.5 second acquisition time with 1 acquisition per 

step. Each sample was mapped three times in random locations, with maps measuring 16x16 

μm2 with a step size of 0.2 μm in all directions. The data was truncated to the [150-2000] cm
−1 range, and then a background was removed from all of the samples (9th degree 

polynomial with 256 data points) to account for any heating or fluorescent effects. A square 

cursor with an area of 5 μm2 was centered on the location where the maximum intensity 

Raman signal was measured, and all of the spectra contained were averaged. This was 

repeated for each of the sample’s three maps and then averaged together. In this way, the 

average Raman enhancement provided by each sample could be demonstrated.

The area for averaging signals was chosen based on previous studies that established that a 

square area with sides of 5 μm would provide consistent average spectra, despite varied 

levels of sample aggregation [9]. The signal to noise ratio (SNR) has been employed to 

measure the quality of the Raman spectra obtained by calculating the weighted value of the 

heights of spectral peaks of interest to the height of the background noise. As the 

background noise becomes larger, the SNR decreases, demonstrating the loss of signal 

quality. The SNR is calculated from the following expression:

SNR = S
S + B 1/2[15],

where S is the height of the analyte peak above the background and B is the average height 

of the background peak. The background peak is measured in a region where no Raman 

signal is present [15]. This is a simplified expression because it does not include dark signal 

and readout noise because a CCD detector was used.

For quantitative comparisons between the surface-enhancing potential of each nanoparticle 

candidate, the analytical enhancement factor (AEF) is employed. The AEF is defined by the 

expression:
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AEF =
ISERS

MG

IRS
MG ⋅ CMG

CAuNP
MG

where ISERS
MG  and IRS

MG IRS are the spectral peak heights of malachite green, with and 

without nanoparticles, respectively, and CAuNP
MG  and CMG are the concentrations of malachite 

green in samples, with and without nanoparticles, respectively. Since the AEF depends on 

concentration, it will be strongly affected by the presence of mono- or multi-layers of the 

analyte molecule in the sample and by the method of analyte deposition. However, if sample 

preparation is performed identically and dye concentration is limited to provide for sub-

monolayer coverage, then the AEF allows for quantitative comparisons across all the 

samples [16].

3. Results and Discussion

3.1. Nanoparticle surface morphology and sizes

The level of surface inhomogeneity and branching was controlled by modifying the star-like 

nanoparticle (SGN) synthesis temperature. Nanoparticles with original star-like morphology 

were synthesized at 25ºC, whereas nanoparticles with branched quasi-fractal morphology, 

referred to herein as gold nanocaltrops (GNC), could be synthesized at temperatures ≥ 45ºC, 

with an upper limit not yet established [1]. The particle suspensions exhibited magenta/

lavender color at synthesis temperatures < 25ºC, blue color at synthesis temperatures of 25ºC 

and 35ºC, and were light blue to transparent at temperatures of 45ºC and higher, as shown in 

Figure 1(a). The color intensity of the suspensions was inversely correlated with the reaction 

temperature, indicating a decreasing nanoparticle concentration. The synthesis consisted of 

the reduction of HAuCl4 by hydroquinone at different reaction temperatures, followed by 

stabilization of the resultiñg nanoparticles with sodium citrate, as shown schematically in 

Figure 1(b). At temperatures of 25ºC and 35ºC, the synthesis outcome consists of SGN, 

while at temperatures of 45ºC and higher the synthesis outcome consists of GNC. From a 

mechanistic point of view, it was important to probe whether uncapped SGN formed at low 

temperatures could be transformed into GNC upon increasing the suspension temperature to 

T ≥ 45ºC. If the GNC were formed by the aggregation and crystal rearrangement of the 

uncapped SGN, then the SGN constitute intermediates in the formation of the GNC. In 

initial experiments, we first synthesized SGN at 25ºC, followed by the heating the 

unstabilized (uncapped) suspensions to 65ºC in the same reaction medium. The outcome of 

the experiments showed that heated, uncapped SGN did not transform into GNC, as shown 

schematically in Figure 1(b). Moreover, the heated uncapped SGN exhibited a blue-shifted 

UV-Vis absorption profile, as shown in Figure 1(c). The suppression of the uncapped SGN 

longitudinal mode at 615 nm is accompanied by an increase and slight blue-shift in the 

transverse mode, which moved from 545 nm to 534 nm. This may be indicative of a 

thermally-induced crystal annealing [17–19], leading to smoother, and sphere-like SGN. 

These results suggest that each synthesis temperature provides for unique kinematics, and 

that the formation of SGN during the growth of GNC is unlikely.
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The growth dynamics of branched particles with high surface complexity has been shown to 

be the result of a kinetically-driven growth process, with hydroquinone in particular 

allowing for the growth of branched structures. Similar to previous observations [9, 10, 20–

28], the growth process is driven by the low reduction potential of hydroquinone leading to 

the combined effects of the modulation of the kinetics of AuIII → AuI → Au0 stepwise 

reduction, and the preferential deposition of Au0 onto the more reactive planes of the 

growing gold nanocrystals [20–27].

At low temperatures (and in the absence of seeds), the reaction is dominated by the presence 

of the AuI intermediates, with a slow transformation into the fully reduced Au0 fragments, 

which in turn act as seeds for the nanoparticle growth. At higher temperatures, the kinetics 

of the stepwise reduction reaction increase and generate a sudden high concentration of Au0 

fragments, self-catalyzing a faster and more random deposition of Au0 [28]. Moreover, it has 

been shown that higher temperatures also increase the reactivity of high-order crystaI facets 

such as the (1 1 1), (2 0 0), (2 2 0), (3 1 1) and (4 1 1) planes [29–31], thus promoting the 

development of growth anisotropy, resulting in nanoparticles with various morphological 

surface features. As expected, the X-ray diffraction patters of synthesized gold nanospheres 

and of samples synthesized at 25ºC and 65ºC exhibited the diffraction peaks from the (1 1 

1), (2 0 0), (2 2 0) and (3 1 1) crystal planes [29–31], albeit with slightly different ratios that 

were not analytically significant (see Supplemental Material Figure S2).

At synthesis temperatures above 35ºC, it is possible that the particles undergo some degree 

of Ostwald ripening, such that they tend to become larger at the expense of smaller particles 

that are dissolving [32, 33]. Under these circumstances, there may be a competition between 

the faster AuI → Au0 reduction by hydroquinone followed by the rapid deposition of Au0, 

and Ostwald ripening. However, the occurrence and the extent of the Ostwald ripening 

process on the systems studied here may not be properly assessed, since no time-dependent 

experiments have been performed. Previous synthesis techniques utilizing the reduction of 

HAuCl4 demonstrated that at lower synthesis temperatures, Ostwald ripening could be 

delayed and the distribution of nanoparticle size features could be narrowed [34].

The unique fractal morphology of the GNC occurs at a synthesis temperature of 45ºC and 

above, with fractal characteristics increasing with temperature, as shown in TEM images in 

Figure 2 and SEM images in Figure 3. Nanoparticles synthesized at temperatures < 25ºC 

exhibited a mixed set of multi-faceted, spherical, and oblate morphologies, shown in Figure 

2 (a–c), those synthesized at 25ºC exhibited a consistent star-like morphology, shown in 

Figure 2 (d), while nanoparticles synthesized by the same procedure at temperature ≥ 45ºC 

exhibited a quasi-fractal shape, shown in Figure 2 (f,g,h,i). The DLS characterization of the 

nanoparticle hydrodynamic diameters demonstrates an overall increase in size with 

increasing synthesis temperature, as shown in Figure 4a. Moreover, as may be observed 

from the TEM and SEM images, the nanoparticle fractal characteristics increase with the 

increasing synthesis temperature. The extent of fractal features may be evaluated by 

computing the isoperimetric ratios of the non-overlapping nanoparticles for each 

temperature. The variations of the measured isoperimetric ratios can be used to demonstrate 

how much a particular shape deviates from a circle (P = L2/A = 4π2r2/πr2 = 4π = 12.6) and 

hence, indicate the degree of surface inhomogeneity and fractal character for a particular set 

Darienzo et al. Page 6

Mater Chem Phys. Author manuscript; available in PMC 2020 November 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of geometries [1]. The isoperimetric ratios for all synthesized nanoparticles are shown in 

Figure 4b. Similar to the trends observed in the DLS size measurements, nanoparticles 

synthesized at temperatures ≤ 25ºC possess similar diameters and a similar degree of fractal 

character, while particles synthesized at 35ºC and higher possess increasing sizes and fractal 

characteristics. These results suggest that the reaction kinetics may be defined by two 

different temperature regimes: (1) T ≤ 35ºC and (2) T ≥ 45ºC, consistent with the two 

regimes observed for the particle size distributions.

3.2. Surface plasmon resonances

The UV/Visible spectra reveal a reduction in surface plasmon resonance intensity and peak 

broadening, as well as an increasing red-shift in samples synthesized at increasing 

temperatures, as shown in Figure 5(a). A distinct change in SPR shape and position is 

observed in nanoparticles synthesized at 35–75ºC, as compared to nanoparticles synthesized 

at 0–25ºC, indicating a change in the overall nanoparticle morphology from star-like to 

nanocaltrop. Less pronounced differences in SPR peak shape and position can be also noted 

between spherical particles synthesized at 0–5ºC and star-like nanoparticles synthesized at 

15–25ºC. Precisely, the absorption profile of star-like gold nanoparticles possesses two 

major peaks in the 500–800 nm region, whereas spherical nanoparticles have a single peak 

in the 520–575 nm range. The 535 nm peak of star-like nanoparticles is similar to the 

transverse oscillation mode observed on other gold nanoparticles, such as gold nanorods and 

nanoparticle dimer assemblies [35, 36], and the second peak at 620 nm is the result of the 

branch features present on the samples. A similar trend was observed by Bakr et al. [37], 

who reported that gold nanoparticles with multiple branches resembling the shape of sea 

urchins demonstrated a shift in the SPR from 585 to 622 nm together with peak broadening 

due to particle branching. Previous work by Morasso et al. shows similar UV/Vis structures, 

demonstrating the reproducibility of the morphology synthesized at 25ºC [9].

The decrease of the 620 nm peak intensity and the broadening of the spectra with increased 

synthesis temperature are believed to result from a contribution of numerous smaller surface 

features of varying sizes, likely causing multiple absorption peaks and yielding the broad 

unresolved absorption band. The superposition of all possible absorption bands from the 

surface features suppress the existence of a single absorption maximum [38–40]. To confirm 

that the absence of a distinct surface plasmon resonance peak for the GNCs synthesized at ≥ 

55ºC is not a concentration effect, the UV/Vis absorption spectra of ten-fold concentrated 

(via rotary evaporation) suspensions was measured, and shown in Figure 5(b). While the 

intensity of the absorption spectra increased in concentrated samples, the overall spectral 

profile remained the same, indicating that the absence of a distinct SPR for the GNC 

morphologies is independent of sample concentration. This confirms that the broadening of 

absorption profiles in the studied samples is related to the presence of multiple, non-uniform 

nanoscale surface features [41].

3.3. Enhancement of Raman scattering

The surface plasmon of the nanoparticle suspensions is typically a strong indicator of their 

ability to provide surface-enhancement, as the electric field generated via the oscillating 

surface plasmons is thought to couple with incident photons, providing the signal 
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enhancement characteristic of SERS [5]. Collection of the Raman spectra of malachite green 

enhanced by the presence of Au nanoparticles are shown in Figure 6.

In order to allow for quantitative comparisons of the Raman spectra, sample preparation and 

Raman measurements were performed under identical conditions. Furthermore, an optical 

plane (plane of focus that determines the laser interaction volume in the sample) was 

established across all samples, regardless of material height, to avoid any ambiguity in 

collecting spectra and altering the signal intensity. The laser was focused on an area devoid 

of optical sample and then the sample height was varied so as to maximize the 520 cm−1 Si 

spectral line. The sample height was then locked, and scans were performed in total 

darkness.

In order to properly assess the main parameters affecting the extent of spectral enhancement 

of malachite green by the gold nanoparticles, two types of gold suspensions were examined 

over the broad range of temperatures: (1) Suspension having a fixed concentration of gold 

atoms, i.e. identical initial concentrations of HAuCl4 precursor (A-set), and (2) Suspensions 

having identical concentrations of gold nanoparticles (B-set). The A-set represents Raman 

spectra of malachite green that was deposited on Au nanoparticle substrates that were 

generated from suspensions with the same concentration of gold atoms, and are shown in 

Figure 6a. The intensity of the malachite green peaks observed in the various samples 

indicates an overall increase as a function of synthesis temperature of the nanoparticles but 

does not provide a conclusive correlation between enhancement and particle morphology. 

This could be due to the fact that at the higher temperatures, larger and more inhomogeneous 

nanoparticles are formed, leading to nanoparticle concentrations up to two orders of 

magnitude lower than at lower temperatures. The concentrations of the original nanoparticle 

suspensions, their average diameters as measured by DLS, and the required dilution factors 

required to generate suspensions of equal nanoparticle concentrations are summarized Table 

1.

The B-set represents Raman spectra of malachite green that was deposited on Au 

nanoparticle substrates that were generated from suspensions with the same concentration of 

gold nanoparticles, and are shown in Figure 6b. The intensity of the malachite green peaks 

observed in the various samples included in the B-set indicates an overall correlation with 

synthesis temperature as well as nanoparticle morphology. There is a direct correlation 

between the amount of adsorbed nanoparticles on the Si substrates and their concentration in 

the parent suspensions [42–45]. The transfer of the Au nanoparticles from their original 

aqueous suspension (either the A-set or the B-set) is driven by the net change in the Gibbs 

free energy, which in turn is a function of the equilibrium partition of the Au nanoparticles 

between the aqueous suspension and the Si surface, according to the following expression:

ΔGAuNP
W Si = − RT lnKAuNP

W Si

where KAuNP
W Si is the equilibrium partition coefficient of the Au nanoparticles between the 

aqueous suspension and the immersed Si substrate, which is defined by the ratio between the 
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concentration of the Au nanoparticles in the aqueous suspension and that on the Si surface, 

as shown below:

KAuNP
W Si = CAuNP

W /CAuNP
Si

Unfortunately, nanoparticle suspensions are inherently two-phase systems, and even though 

they can be kinetically stable for long periods, they are far from thermodynamic equilibrium 

and cannot be equilibrated when exposed to a new phase, such as the Si substrate [46]. 

Despite the driving force for adsorption due to the electrostatic interaction between the poly-

L-lysine coating on the Si surface and the negatively charged Au nanoparticles [45, 47], the 

translation of concentrations from 3D suspensions to 2D substrates may result in surface 

concentration errors as high as two orders of magnitude [44, 46, 48, 49]. Hence, the 

differences between the effects seen with the two types of samples should be viewed in this 

context.

The three main and most intense characteristic Raman peaks of malachite green chosen for 

analysis are observed at 1619 cm−1, 1371 cm−1 and 1176 cm−1, corresponding to symmetric 

ring breathing and C-C stretching of the aromatic rings, the phenyl-N stretch and the 

symmetric in-plane and out-of-plane bending of the rings, respectively [1, 50]. The A-set 

samples, characterized by a fixed concentration of gold atoms per sample, has an increasing 

average particle diameter and an overall decreasing concentration of nanoparticles as a 

function of increasing synthesis temperature. Conversely, a smaller surface density of 

nanoparticles in a sample implies a lower probability for interactions between incident 

photons and the corresponding surface plasmons, fact that would lead to fewer sites involved 

in surface enhancement. On the other hand, the larger nanoparticles possess a higher degree 

of surface inhomogeneities, which in turn could generated a higher concentration of high 

curvature sites that increase surface enhancement. Therefore, while there is an overall 

enhancement effect observed with the A-set samples, it does not apply consistently to all 

temperatures. The B-set, by contrast, characterized by a fixed concentration of nanoparticles, 

clearly demonstrates an increase in the GNC surface-enhancing capability with increasing 

temperature of nanoparticle synthesis. It is interesting to note that the increased 

enhancement is generated by particles with red-shifted plasmons, which implies that the 

main source of the surface enhancement from these samples is not strictly surface plasmon 

dependent. The surface-enhancing capabilities of these nanoparticles is more closely linked 

with the localized surface plasmon resonance, which varies on a particle-to-particle basis. 

The localized surface plasmon produces regions of highly concentrated electric fields, 

referred to as hot spots, which are affected by the degree of surface branching, and variations 

in local surface curvature [51,52].

The effect of the localized surface plasmon resonance contribution is highlighted by the low-

concentration of the 65.0ºC/GNC sample in the A-set, which provided large relative surface 

enhancement across three separate maps, compared to the other samples. The conclusion is 

that despite the larger nanoparticles having a surface plasmon resonance wavelength greater 

than 780 nm (see Figure 5), which is greater than the excitation laser wavelength of 638 nm, 

the more fractal gold nanocaltrops provide better enhancement. In particular, morphologies 
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that possess a high density of regions where curvature and branching are increased can 

provide numerous loci where molecules can interact with the localized-surface plasmon hot-

spots, greatly enhancing their Raman spectra. This finding reinforces the idea that the ideal 

nanoparticle candidate for SERS does not necessarily need to have a surface plasmon 

resonance with the same wavelength as the excitation laser, as long as there exists local 

surface plasmons that are resonant with the laser wavelength and whose anisotropic features 

allow for strong electromagnetic field line crowding [53].

The increasing fractal nature of the star-like and nanocaltrop samples has also been 

compared with spherical gold nanoparticles, as shown in Figure 7. As previously reported, 

the enhancement provided by the spherical nanoparticles should be smaller than that 

provided by the star-like gold nanoparticles. The reported samples use fixed volumes of 

nanoparticle dispersions, but do not account for nanoparticle concentration [9]. The 

established nature of nanoparticle concentration and their effect on localized surface 

plasmons is exemplified in the A-set of spherical gold nanoparticles. The spherical 

nanoparticle dilution contained 1.35x1010 nanoparticles/mL compared to 6.02x109 

nanoparticles/mL for the 25.0ºC/SGN sample and 5.84x108 nanoparticles/mL for the 

65.0ºC/GNC samples. As may be noted in Figure 4a, the signal enhancement from the 

spherical nanoparticles is greater than those of the 25.0ºC/SGN and 65.0ºC/GNC samples, 

most likely due to the higher concentration of enhancers. Conversely, when nanoparticle 

concentrations are fixed in the parent suspensions, as shown in Figure 6b, the quasi-fractal 

nanoparticles exhibit the largest enhancement, as expected.

The spherical nanoparticle plasmon (520 nm) is farther upfield from the excitation laser 

wavelength (638 nm) than the 25.0ºC star-like nanoparticle plasmon (625 nm). The spherical 

nanoparticle A-set sample possesses an order of magnitude more particles than the star-like 

and two orders of magnitude more particles than the nanocaltrop. Conversely, the spherical 

nanoparticle A-set sample possesses two orders of magnitude more AEF than the star-like 

but only one order of magnitude more than the nanocaltrop. This increased concentration 

allows for two conditions: (1) more localized plasmon modes due to the increased chance for 

grouped nanoparticle clusters, whose effects would resemble the high concentration of 

surface features present on the larger nanocaltrop, and (2) more regions with surface 

plasmon oscillations to couple with the laser wavelength, providing more surface-enhancing 

potential.

The various enhancement scenarios explored in this paper may be quantitatively assessed by 

calculating the AEF for each sample. The results are summarized in Table 2.

Calculation of the AEF values required an evaluation of the malachite green concentration 

on the sample substrates, both with and without the presence of nanoparticles. The molecule 

was assumed a sphere and its van der Waals volume was approximated by Chem2D as 8.23 

Å. Its projection on the substrate would then be a circle of the same diameter. However, if a 

space-filling model is employed, then the area of the malachite green molecule may be 

approximated by a square with sides 8.23 Å, resulting in an area of 67.73 Å2. Using the total 

sample area of 25 mm2, we find that only 8.41·1011 malachite green molecules were present 

on the surface, which is about two orders of magnitude less than the 3.7 x1013 molecules 
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required for complete monolayer coverage, Hence, it can be approximated that 

CAuNP
MG = CMG, and the expression for the calculation of AEF reduces to AEF = ISERS

MG /RS
MG.

As may be noted from Table 2, the AEF for the samples containing Au spheres in the A set 

group outperformed the other morphologies, whereas in the B-set group, the AEF of the 

samples containing 75.0ºC/GNC exhibited the largest level of enhancement. For non-

spherical Au nanoparticles, the degree of surface branching and variations in local surface 

curvature directly impact the presence of hot spots, which in turn are responsible for the 

surfaceenhancing capabilities of these nanoparticles. However, the expression for the 

calculation of AEF used to calculate the values in Table 2 does not include a term that would 

provide a quantitative dependence on surface morphology. To do so, we scaled the calculated 

AEF values by the term P/4π, which is the normalized isoperimetric ratio (where P/4π for a 

sphere is 1), and plotted the results side by side with the original AEF values, as shown in 

Figure 8. When comparing the enhancement efficiency for the samples with a constant 

initial gold concentration (Figure 8a), we find that when the geometry of the particles is 

taken into consideration, the samples containing the 65.0ºC/GNC particles exhibited the 

largest level of enhancement (Figure 8b). Similar results are also obtained for the 

enhancement of the other two main absorption bands of malachite green, i.e. 1371 cm−1 and 

1176 cm−1. It is interesting to note that the degree of enhancement for these additional bands 

is not identical to that of the 1619 cm−1 band. This could be attributed to the fact that both 

the 1371 cm−1 and 1176 cm−1 bands represent directional bonds and hence are susceptible to 

the position of the molecule with respect to the hot spot electrical field vector.

Similar analysis was also performed on the samples with equal nanoparticle concentrations 

in the aqueous suspensions, shown in Figures 8c and 8d. For this set of samples, the extent 

of surface enhancement is noticeably dependent on the synthesis temperature and as a result 

on nanoparticle surface morphology. These results demonstrate the synergistic importance of 

both nanoparticle concentration and nanoparticle morphology on their ability to provide 

surface-enhancement.

Other SERS studies conducted with nanoparticles possessing intricate surface features 

similarly found that increased surface morphologies increased the surface-enhancing 

potential of nanoparticles. This was attributed to the hot spots formed by the surface features 

of the nanoparticles, resulting in an increased density of local electromagnetic field lines [9, 

10, 54, 55], as demonstrated by electron energy loss spectroscopy [56–58]. Hence, the 

observed SERS spectra for these nanoparticles can be predicted from their electron imaging 

based on similar work with other nanoparticles that possess a high degree of surface features 

[59, 60]. In light of previous work [51–53], the SERS activity of the nanoparticles presented 

in this work can be understood in terms of their increasingly complex nanoscale surface 

features, leading to an increased fractal character.

4. Conclusions

In this work, we examined the physical characteristics of novel gold nanoparticles having 

quasi-fractal morphology (GNC), focusing in particular on their efficacy as enhancers of 

Raman scattering signals. This highly branched nanoparticle morphology was achieved by 
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the temperature modulation of the synthesis procedure previously used for the production of 

starlike gold nanoparticles (SGN). The kinetically-driven high degree of surface roughness 

in GNC was facilitated through a combination of the presence of hydroquinone as the 

reducing agent and higher synthesis temperatures. As a result of their high-curvature, sharp 

and irregular surface features, these nanoparticles exhibited marked enhancement of Raman 

signals of the reporter dye malachite green when compared with similar nanoparticles that 

possess less overall surface roughness, such as SGN. We also showed that despite the lower 

concentration of the GNC, the increased presence of sharp surface features provides more 

enhancement of Raman signals of the reporter dye when compared with similar 

concentrations of nanoparticles that possess lower degrees of surface features. Hence, we 

realized that the extent of the Raman signal enhancement by these quasi-fractal 

nanoparticles was not necessarily correlated to their surface plasmon resonance, but rather to 

the degree of their surface inhomogeneity

Two main phenomena were observed with the samples that were studied: (1) A decrease in 

nanoparticle concentration decreases the SERS activity, and (2) More complex surface 

morphology increases SERS activity. Hence, the SERS enhancement constitutes a 

combination of the effects of both on the morphology and on the concentration of the 

nanoparticle suspensions. Therefore, we have found that the calculated analytical 

enhancement factors (AEF), which represents the quantitative evaluation of the enhancement 

efficacy of the various nanoparticle samples, must include not only a concentration-

dependent term, but also a morphology-dependent term. Based on our results, we concluded 

that the quasi-fractal nanoparticles might provide higher resolution and higher sensitivity for 

the detection of low concentration analyte molecules, and as such, may potentially be useful 

in imaging modalities that require high signal response and resolution. Their ability to 

couple with laser wavelengths that are non-resonant with their collective SPR allows for 

laser wavelength flexibility without need to tailor nanoparticle geometries for the required 

laser wavelength.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Synthesis scheme and resulting nanoparticle suspension characteristics. (a) Varying shades 

of magenta, blue, light blue and transparent gold nanoparticle suspensions.Nanoparticle 

suspensions shown contain the same concentration of gold precursor and varying 

concentrations of nanoparticles. Sample synthesis temperatures from left to right: 0.5ºC, 

3.8ºC, 13.8ºC, 25ºC, 35ºC, 45ºC, 55ºC, 65ºC, and 75ºC. (b) Schematics of the synthesis.The 

reaction gives rise to star-like nanoparticles in the low temperature regime and to quasi-

fractal nanoparticles in the high temperature regime. Note that the heating of unstabilized 

nanoparticles formed in the low temperature regime does not give rise to morphologies 

expected in the high temperature regime. (c) Heating of the unstabilized nanoparticles 

formed in the low temperature regime gives rise to a blue-shifted UV-Vis spectrum, 

indicating a thermally-induced crystal annealing, leading to a more sphere-like morphology.
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Figure 2. 
TEM images of nanoparticles synthesized at various temperatures. (a) 0.5ºC, (b) 3.8ºC, (c) 

13.8ºC, (d) 25ºC, (e) 35ºC, (f) 45ºC, (g) 55ºC, (h) 65ºC, and (i) 75ºC. Scale bars = 150 nm.
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Figure 3. 
SEM images of synthesized nanoparticles. (a) 25ºC, (b) 35ºC, (c) 45ºC, (d) 55, (e) 65, and 

(f) 75ºC. Scale bars = 100 nm.
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Figure 4: 
Characteristics of the synthesized gold nanoparticles. (a) Nanoparticle diameters as 

measured by DLS. (b) The isoperimetric ratios as measured by ImageJ (see Figure S1 in the 

supplemental material section), and verified by our own Matlab software [1].

Darienzo et al. Page 18

Mater Chem Phys. Author manuscript; available in PMC 2020 November 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5: 
(a) UV/Visible spectra for the as-synthesized nanoparticle suspensions. (b) UV/Visible 

spectra for gold nanocaltrop samples before and after a ten-fold suspension concentrating. 

Concentrated samples show no change in absorption profile other than in increase in 

absorbance. Note the break and change of scale in the absorbance axis.
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Figure 6: 
SERS of malachite green on Au nanoparticle substrates. (a) A-set nanoparticle substrates 

from suspensions with a constant Au atom concentration, (b) B-set nanoparticle substrates 

from suspensions with constant nanoparticle concentration. Spectra have been shifted by 400 

counts/sec each for clarity.

Darienzo et al. Page 20

Mater Chem Phys. Author manuscript; available in PMC 2020 November 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7: 
SERS Raman spectra of malachite green in the presence of spherical, star-like (at 25ºC), and 

quasi-crystal (at 65ºC) Au nanoparticle morphologies. (a) A-set (fixed concentration of gold 

atoms), and (b) B-set (fixed nanoparticle concentration).
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Figure 8: 
Compilation of calculated AEF values for the three analytical Raman bands of Malachite 

Green at 1619 cm−1, 1371 cm−1 and 1176 cm−1. (a) AEF of A-set samples without taking 

into account particle surface morphology, (b) AEF of A-set samples incorporating the 

normalized isoperimetric ratios, thus accounting for particle surface morphology. (c) AEF of 

B-set samples without taking into account particle surface morphology, (d) AEF of B-set 

samples incorporating the normalized isoperimetric ratios, thus accounting for particle 

surface morphology.
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Table 1:

Undiluted nanoparticle concentrations, measured DLS diameters, and dilution factor for B-set samples with a 

final concentration of 3.8x108 np/mL.

Synthesis temperature [ºC] and nanoparticle 
morphology

Concentration of original suspensions [x108 

np/mL]
DLS diameter [nm] Dilution factor

Spheres 135.8   58.7 35.55

0.5ºC   69.4   70.9 18.17

3.8ºC   41.0   84.5 10.73

13.8ºC   69.6   71.2 17.97

25.0ºC / SGN   60.2   74.4 15.76

35.0ºC   14.8 118.7   3.87

45.0ºC / GNC     8.8 141.4   2.29

55.0ºC / GNC   13.5 122.4   3.53

65.0ºC / GNC     5.8 161.8   1.53

75.0ºC / GNC     3.8 186.4   1.00
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Table 2.

Calculation of the AEF values based on the I1619 malachite green peak for all nanoparticles in the A-set 

samples and The B-set samples.

Synthesis Temperature and Nanoparticle 
Morphology

Equal Concentration of Au Atoms Equal Concentration of Au Nanoparticles

I1619 [counts/s] AEF (x104) I1619 [counts/s] AEF (x104)

Spheres 3828.6 209.4     2.7   0.1

0.5ºC   322.4   17.6   53.3   2.9

3.8ºC   357.3   19.5   66.6   3.6

113.8ºC   259.1   14.0   19.3   1.1

25.0ºC / SGN   142.5     7.8   36.6   7.8

35.0ºC   249.0   13.6 216.5 11.8

45.0ºC / GNC   431.6   23.6 103.3   5.6

55.0ºC / GNC   158.1     8.6 114.6   6.3

65.0ºC / GNC 1672.1   91.4 230.8 12.6

75.0ºC / GNC   154.8     8.5 253.9 13.9
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