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Abstract

The synthesis of star-like gold nanoparticles (SGNs) in a temperature-controlled environment 

allows for temperature modulation and facilitates the growth of highly branched nanoparticles. By 

increasing the synthesis temperature, the level of branching increases as well. These highly 

branched features represent a distinctly novel, quasi-fractal nanoparticle morphology, referred to 

herein as gold nano caltrops (GNC). The increased surface roughness, local curvature and degree 

of inhomogeneity of GNC lend themselves to generating improved enhancement of the scattering 

signals in surface-enhanced Raman spectroscopy (SERS) via a mechanism in which the localized 

surface plasmon sites, or “hot spots,” provide the engine for the signal amplification, rather than 

the more conventional surface plasmon. Here, the synthesis procedure and the surface-enhancing 

capabilities of GNC are described and discussed.
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1. INTRODUCTION

Raman spectroscopy is a non-destructive and sensitive technique that could be used, among 

a multitude of applications, for the exploration of the structure and chemical composition of 

biological materials.1-5 It can constitute an effective tool for the delineation of cancer tissue, 

histological analysis of biopsies, in vivo detection of tumors and intraoperative imaging.6-9 

Raman spectroscopy is based on the inelastic scattering of monochromatic light upon 

interaction with molecular vibrations, phonons and other excitations, generating shifts in the 

energy of the incident light. The shift in energy gives information about the vibrational 

modes of the molecules in the system.10, 11 Each molecule in a given system exhibits a 

precise set of vibrational modes, depending on their chemical composition, chemical 

environment and spatial organization. These vibrational modes constitute the fingerprints of 

the given system, and allow the identification of molecular species in the system and their 

interactions. Raman microscopy for biological and medical specimens generally uses near 

infrared (NIR) lasers (e.g., 785 nm laser), which reduces the risk of damaging the specimen 

by applying higher energy wavelengths and practically eliminates fluorescence.12-19
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In order to make the technique better suited for such biological applications, the surface-

enhanced Raman scattering (SERS) technique, a variation of the original method, is 

particularly suitable.20-24 This technique is based on the introduction of a rough metallic 

(e.g., Ag, Au or Cu) surface,25-31 usually achieved by the presence of nanoparticles, which 

enhances the sensitivity of the measurement by at least 1010 and up to 1017 fold, depending 

on the type of nanoparticles, molecules probed, chemical and biological environment and 

incident light frequency.32-35 The enhanced scattering effect is due to the excitation of the 

localized surface plasmons in the nanoparticles and the resulting interactions between the 

oscillations that are perpendicular to the surface and any molecules that are either 

physisorbed or chemisorbed on the surface. The closer the resonance of the incident light 

and the Raman signal are with the plasmon frequency, the higher the electric field 

amplification and the larger the enhancement.

In order to develop an imaging modality with a broad range of applications across various 

types of cancer tissues, the surface-enhancing nanoparticles must be chosen to provide a 

high level of signal resolution and scattering enhancement.36-39 Gold nanospheres have 

shown to provide low and unstable enhancement levels, varying widely among individual 

particles and exhibiting susceptibility to environmental fluctuations.40 Hence, the local fields 

associated with the excitation of surface plasmon resonances by the Raman source may not 

be the only mechanism responsible for the enhancement observed with metal nanoparticles. 

More recent explanations of the SERS effects by metal nanoparticles are based not only on 

intrinsic nanoparticle surface plasmons, but also on the presence of local field “hotspots”41 

due to surface roughness,42 nanoscale voids between aggregated metallic nanoparticles,43 or 

nanoscale gaps between nanoparticles and a metal surface.44, 45 The SERS contribution of 

such hotspots can actually dominate the observed response.46 An alternative way to increase 

the local electromagnetic field associated with the surface plasmon resonance would be to 

increase the local curvature of nanomaterials through the development of nanoscale surface 

inhomogeneities. For example, it was estimated that the vertices of silver nanotriangles 

exhibited 10 to 100 fold higher field strength compared to the surface of silver nanospheres 

of similar relative size.47 Star-like gold nanoparticles (SGN), a new class of gold 

nanoparticle having sharp edges and tips, have been shown to exhibit a very high sensitivity 

to local changes in the dielectric environment, as well as larger enhancements of the electric 

field around the nanoparticles,47 as compared with similar, less structurally-convoluted 

nanoparticles. Similar results have been found for other nanoparticles with sharp features.
39, 48, 49

Based on these observations, our aim in this work was to develop various geometrical 

permutations of gold nanoparticles in addition to spheres and stars, and investigate their 

surface-enhancing Raman tural variations yielded a novel part prised of quasi-fractal 

branches, which we refer to as gold nano-caltrops (GNC). The underlying premise was that 

the extent of branching and the size of these nanoparticles would be closely correlated to 

their scattering ability. The gold nanoparticles were synthesized via the reduction of HAuCl4 

by hydroquinone.38 The new quasi-fractal structure was achieved by varying the reaction 

temperature during synthesis. The first fractal branching features were observed at the 

reaction temperatures of 45 °C and became more pronounced as the reaction temperature 

was increased. Hence, we used the reaction temperature as a design parameter for the control 
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of the extent of fractal branching in gold nanocaltrops, and by association, in their expected 

Raman enhancement capabilities.

2. EXPERIMENTAL DETAILS

2.1. Nanoparticle Synthesis

All chemicals for the nanoparticle synthesis were purchased from Sigma Aldrich (St. Louis, 

MO). De-ionized water was obtained from a Millipore (Billerica, MA) Direct Q3 water 

filtration system. The synthesis was carried out in a three-neck flask fitted with a 400 mm 

Graham type condenser to create a reflux system. The flask was filled with 10 mL of 

deionized water at room temperature with a magnetic stirrer set to 500 rpm, and was held in 

a water bath. Nine μL of an HAuCl4 solution with a 1:10 dilution and containing 17 wt.% 

Au was added to the water in the flask and mixed for several minutes to allow the 

temperature of the gold solution to equilibrate with that of the bath. Next, 100 μL of 11 

mg/mL hydroquinone, C6H4(OH)2, was injected into the solution.38, 49, 50 Within minutes, 

the reaction mixture changed in color from pale yellow to light blue. After 5 minutes of 

mixing, 20 μL of 10 mg/mL sodium citrate tribasic dehydrate, Na3C6H5O7 · 2H2O, was 

added to function as a capping agent for the growing particles. The addition of the sodium 

citrate was also shown to increase the long-term stability of the nanoparticles while in 

solution.38

The reaction conditions were controlled by changing the temperature of the water bath. The 

particles synthesized at 65 ° were placed in a water bath and held at approximately 8 °C for 

15 minutes before being allowed to reach room temperature.

2.2. Characterization Techniques

2.2.1. UV-Vis Spectroscopy—The absorption profiles of the nanoparticle suspensions 

were analyzed with a Thermo Fisher Scientific Evolution 220 Ultraviolet-Visible 

Spectrometer (UV-Vis). Nanoparticle suspensions were first stirred vigorously before 

aliquots were deposited into a quartz cuvette (VWR, Radnor, PA). Spectra were obtained 

over the range of 190–1100 nm at

2.2.2 Electron Microscopy—A 5 μL aliquot of a nanoparticle sample was deposited on 

a copper grid (Ted Pella, Formvar/carbon 400 mesh, Redding, CA) and allowed to dry 

overnight. The grids were used for both transmission and scanning electron microscopy 

imaging experiments.

Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) 

experiments were performed on a JEOL JEM-1400 electron microscope at 120.0 kV and 

JEOL JSM-7600F field emission SEM at 5.0 kV, respectively.

2.2.3. Particle Size Analysis—Dynamic light scattering (DLS) measurements were 

performed on a Malvern Zetasizer (Nano-ZS) at 25.0 °C with the refractive index and 

absorption set to 1.400 and 0.100, respectively. TEM micrographs were used to evaluate 

particle size as well. The average nanoparticle sizes were evaluated by calculating the log 
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mean average of the core and outer spike radii of each nanoparticle, followed by number-

averaging over the entire nanoparticle population on the micrographs used.

2.2.4. Raman Spectroscopy—Substrates for surface enhanced Raman Spectroscopy 

(SERS) experiments were prepared using pre-cut p-type (boron) silicon wafers (Ted Pella, 5 

× 5 mm diced). Silicon sections were thoroughly washed in a 1:100 (v/v) solution of 37% 

HCl (Fisher Scientific) with 70% ethanol (Fisher Scientific). The sections were then rinsed 

with copious amounts of deionized water and allowed to dry. The clean and dry silicon 

sections were next placed in a 0.01% (w/v) poly-L-lysine solution (Sigma Aldrich) for 5 

minutes. After that, the silicon sections were placed in a 60 °C oven for 1 hour to dry. The 

silicon sections were then submerged in nanoparticle suspensions and allowed to incubate 

for 24 hours at room temperature before being removed and allowed to dry. Fifteen μL 

aliquots of 5.2 · 10−4 mg/mL malachite green (MG) dye (Sigma Aldrich) solution was then 

applied to the samples by drop casting. SERS measurements were performed on a HORIBA 

XploRA PLUS Raman microscope with a Marhauzer motorized stage. Spectra were 

collected utilizing a 638 nm laser at 1% laser power, 600 gr/mm grating, 100 μm hole, 50 

μm slit, and with a 0.5 sec acquisition time with 1 acquisition per step and 100× objective. 

Data for each sample was obtained from three maps measuring 80 × 80 μm2 with a step size 

of 0.2 μm that was chosen at random. A contour area of 5 μm2 was placed at the location 

where the highest intensity Raman signal was detected, and all the spectra contained therein 

were averaged. This process was repeated for each of the three maps generated from each 

sample and then averaged together in order to better portray the average Raman 

enhancement provided by each sample.38 Collected spectra were then processed identically 

to remove fluorescence and cosmic rays by first extracting the data over the range of 150–

2000 cm−1, followed by the subtraction of a 9th degree polynomial background from each 

spectrum.

2.2.5. Perimetric Ratio Evaluation—Perimetric ratio analysis: The Matlab code for 

the evaluation of the perimetric ratio is listed below:

I = imread(‘rina.png’); Load image

level = graythresh(I); Find the threshold for image

BW = imbinarize(I,level); Turn image into binary

WB = imcomplement(BW); reverse black and white

(to use Matlab functions)

AR = bwarea(WB); area of white region

PP = regionprops(WB,‘Perimeter’); list of lengths of all

white regions

Big = largest of PP.Perimeter; this will give length of largest white region
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BIG^2/AR = isoperimetric ratio ≥ 4 pi (the larger it is, the more fractal the shape).

3. RESULTS AND DISCUSSION

3.1. Particle Size and Geometry

SERS activity is correlated to the size, shape and geometry of nanoparticles,50, 51 and hence, 

controlling these parameters is essential in producing SERS probes with consistent 

enhancement behavior, as well as enabling the appropriate choice of excitation laser to 

engage the surface plasmon and the local surface plasmon resonance (LSPR) effects.

Star-like gold nanoparticles (SGN) were obtained at 25 °C,38, 51 and gold nano-caltrops 

(GNC) consisting of quasi-fractal particles, were obtained at 65 °C, as illustrated in the TEM 

images shown in Figures 1(a), (b), respectively, and the SEM image shown in Figures 1(c), 

(d), respectively. As can be seen from the images of the Au nanoparticle at these two 

temperatures, the overall size of the SGN is smaller than that of the GNC, however the GNC 

have a higher degree of surface inhomogeneity. The average sizes of the nanoparticles based 

on the TEM images were calculated by using the log mean average of the core and outer 

radii of each nanoparticle, shown in Figure 2(a) for the SGNs and Figure 2(b) for the GNCs. 

This procedure is described by:

RLM =
RSpike − RCore

ln(RSpike ∕ RCore)
(1)

where RCore is the average radius of the inner solid sphere at the center of the nanoparticles 

and is encased by the inner circle, as shown in Figure 2(a), and RSpike is half of the average 

distance between two branches at opposite sides of the nanoparticles that are encased in the 

outer circle, as shown in Figure 2(b).

Based on TEM images, the average radius-equivalent size of SGNs was 43 ± 22 nm and of 

GNCs was 168 ± 60 nm. The particle size values obtained from TEM images were then 

compared to the values obtained from DLS measurements, as shown in Figure 2(c). Based 

on the DLS measurements, the average radius-equivalent size of SGNs was 79 ± 48 nm and 

of GNCs was 179 ± 55 nm. The slightly larger values from DLS measurements are not 

surprising since DLS estimates size distribution differently, i.e., by size to the power of six, 

and therefore, larger particles are given more weight. Moreover, DLS measures the 

hydrodynamic radii of particles that includes adsorbed species and solvent interactions, 

while in the TEM image only the metallic moiety is observed due to the insufficient contrast 

of other organic moieties. A rough quantitative estimate of the degree of surface roughness 

and branching was calculated by the evaluation of the isoperimetric ratio, P = L2/A, where L 
is the length of the closed loop curve encompassing the nanoparticle and A is the area 

enclosed in the closed loop curve (see Matlab code in the Experimental Details section). The 

calculated values of P for the gold nanoparticles were 24.1 and 34.4 for the SGNs and 

GNCs, respectively, as shown in Figure 2(d). The departure from the value of 4π (for a 

perfect circle) is indicative of the extent of deviation of the curve from a circular shape, and 

hence, a good measure of the degree of fractal character.
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Previous studies have shown that the growth dynamics of branched particles having higher 

energy surfaces was the result of kinetically-favored growth regimes.39, 58-60 This type of 

growth process was shown to be driven by the relatively low reduction potential of 

hydroquinone, which acts as a reducing agent in this process.60-63 We therefore assume that 

increasing the synthesis temperature increases the reaction kinetics, which in turn, augments 

the effect of the hydroquinone on the already rapid deposition process of Au0 onto the (111) 

planes of the gold. As has been previously demonstrated,39, 51 a higher deposition rate of 

Au0 is key to the formation of branch structures on nanoparticles, such as star-like particles 

and in our case, quasi-fractal structures.

3.2. Surface Plasmon Resonance

When the synthesis temperature was increased from 25 °C to 65 °C, the resulting UV-Vis 

spectra exhibited a drastic reduction in intensity and detail, as shown in Figure 3. At 25 °C, 

the spectrum exhibits two major peaks in the 500–800 nm region of interest (see inset of Fig. 

3). The peak at 531 nm is consistent with the surface plasmon resonance observed for 

spherical gold nanoparticles in the approximate 20–60 nm size range, which is the overall 

average size diameter of the particles obtained at the lower temperature. However, the 

particles have a star-like structure, and hence their spectra are more complex, as evidences 

by the presence of a second peak at 624 nm.64-70 The presence of this peak and the overall 

broadening of the spectrum, as compared to that of spherical gold nanoparticles of similar 

size, is mostly due to two distinct phenomena: (a) The departure from the spherical 

geometry and the breakdown in particle symmetry give rise to multiple axes of varying size 

and varying geometries, and as a result, exhibit distinct surface plasmons. Previous 

characterization of gold nanorods highlighted the fact that these nanoparticles possess two 

absorption peaks,64, 65 one that originates because of plasmons on the transverse axis that 

coincides with the absorption of a spherical particle of similar size, and another that 

originates from the longitudinal axis and is considerably red-shifted. Similarly, the presence 

of these types of anisotropic features in the star-like gold nanoparticles contribute to the 

emergence of the double peak that we observe in our system, (b) Another feature of the star-

like gold nanoparticles is a broad size distribution, which causes both the presence of the 

second peak at lower frequencies and an overall broadening of the peaks in the spectrum.

The broadening and the decreasing intensity of the absorption peaks for the gold quasi-

fractal gold nanoparticles obtained at 65 °C is believed to be the result of two major factors, 

i.e., the addition of more fractal features as well as the increasing particle size. The fractal 

contribution is due to the presence of multiple axes of varying sizes,66 thus most likely 

causing multiple absorption peaks of low intensity that merge into one broad unresolved 

absorption band. The multiplicity in branch morphologies and dimensions prevents any 

dominant shape feature from being expressed on all of the nanoparticles, and hence, no 

specific λmax, i.e., wavelength at which maximum absorption occurs, is observed. The 

absorption spectrum of a ten-fold concentrated solution of the quasi-fractal nanoparticles 

exhibited similar broad and flat features, indicating that these characteristics are 

concentration independent.
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3.3. Enhancement of Raman Scattering

The increase in the expected SERS enhancement with increasing nanoparticle size has 

traditionally been attributed to the larger surface area associated with larger particles.52-54 

However, the SERS enhancement does not depend solely on the surface area of the 

nanoparticles but also on the enhanced electromagnetic field generated from the surface 

plasmon. While increase in particle size increases the local electromagnetic enhancement,55 

it also generates a decrease in surface curvature, absorption of the incident light and inelastic 

scattering that occur on the surface. These phenomena actually lead to a weakening of the 

electromagnetic field on the surface and a decrease in the overall SERS intensity.56 Hence, 

size alone would not be the best or the most reliable predictor as to the efficiency of the 

SERS enhancement.

Another possible predictor of SERS enhancement would be the magnitude of the surface 

plasmon, as indicated by the absorption spectra of the nanoparticles.68, 71, 72 However, as we 

have previously shown, the intensity of the absorption spectra is strongly impacted not only 

by the size of the particles, but more importantly, by the roughness of the surface and the 

local curvature of the characteristic geometrical constituents of the nanostructures. Again, 

what we observed and showed in Figure 3, was that nanoparticles having a quasi-fractal 

surface morphology, exhibited an almost complete absence of a discernable absorption 

spectrum.

The enhancement of the Raman spectrum of a triarylmethane dye with the general formula 

{C6H5C [C6H4N(CH3)2]2}(C2O3OH) (malachite green oxalate salt, MG) when incubated 

with either gold nanostars or gold quasi-fractal nanoparticles is shown in Figure 4. All 

Raman spectra were obtained under identical settings in order to enable quantitative 

comparisons between all of the samples. The most important consideration was the 

establishment of the optical plane where the laser was focused in order to provide the 

common conditions for all the samples. The plane of focus determines the interaction 

volume of the laser in the sample and can easily be tuned within the thin films created by the 

poly-L-lysine or dye. This may cause inconsistent interaction volumes and artificially affect 

the maximum signal obtained in units of counts/sec. In order to circumvent this, each sample 

was first positioned so that an area devoid of sample could be probed by the laser. The laser 

was then focused using an auto-focusing routine that sought to maximize the Raman signal 

of the Si spectral line at 520 cm−1 by adjusting the height of the sample. Once this height 

was established, samples were mapped with all room lights turned off. Any further 

inconsistencies between samples was then limited to the distributions of particles and dye on 

the poly-L-lysine coated Si substrates.

As shown in Figure 4, the enhancement of the Raman scattering spectrum of MG due to the 

presence of the quasi-fractal nanoparticles is quite remarkable. Since the main interest in this 

work was to probe the effect of geometrical permutations of gold nanoparticles on their 

surface-enhancing Raman capabilities, we found it particularly revealing to calculate the 

relative enhancement factor of the quasi-fractal nanoparticles as compared to the star-like 

nanoparticles.30, 73

The enhancement factor (EF) is given by:
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EF =
NVol ⋅ ISurf
NSurf ⋅ IVol

(2)

where NVol and NSurf are the number of analyte molecules in the probed liquid sample and 

on the SERS substrates, respectively, and IVol ISurf are the corresponding intensities of the 

normal Raman and the SERS spectra.

The relative level of enhancement provided by the GNCs in comparison to the SGNs is 

given by:

EFrel =
EFGNC
EFSGN

=
(NVol ⋅ ISurf ∕ (NSurf ⋅ IVol))GNC
(NVol ⋅ ISurf ∕ (NSurf ⋅ IVol))SGN

=
ISurf
GNC

ISurf
SGN ⋅

NSurf
SGN

NSurf
GNC

(3)

The assumption is that the number of analyte molecules in the probed liquid sample is 

independent of the nanoparticles used to generate the signal enhancement and hence, the 

quantity NVol/IVol in both systems is constant. If we assume that the densities of the analyte 

molecules on or in the proximity of the surface of the gold nanoparticles is similar for both 

nanoparticle geometries, then NSurf
SGN ∕ NSurf

GNC ∝ PGNC ∕ PSGN, where PGNC is the 

isoperimetric ratio for the quasi-fractal gold nanoparticles and PSGN is the isoperimetric 

ratio for the star-like gold nanoparticles. Therefore, the relative ratio becomes:

EFrel =
ISurf
GNC

ISurf
SGN ⋅ PGNC

PSGN (4)

The three main characteristic and most prominent Raman bands of MG are observed at 1612 

cm−1, 1377 cm−1 and 1172 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.74, 75 The intensity of the 1172 cm−1 Raman shift 

band of MG was 98 counts/s in the presence of SGNs (ISurf
SGN), and 1755 counts/s in the 

presence of GNCs (ISurf
GNC). Based on these values, the calculated relative enhancement ratio 

EFrel is 29.2. It is interesting to note that the relative enhancement ratio is not the same for 

all frequencies, fact which may be indicative of some preferential orientation of the MG 

molecules near or at the surface of the gold nanoparticles.

The considerable greater enhancement of the Raman signals in the presence of the quasi-

fractal gold nanoparticle as compared to that obtained in the presence of star-like gold 

nanoparticles, demonstrates that the mechanism of enhancement is not dependent primarily 

on the magnitude of the surface plasmon resonance of the nanoparticles, as traditionally 

believed. Instead, the enhancement is due to local “hot spots”41-46, 66 and therefore, highly 
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dependent on the inhomogeneity of the surface features, i.e., both the surface roughness, 

degree of branching and variations in local surface curvature.

4. CONCLUSIONS

In this work, we described a procedure for synthesizing gold nanoparticles having a novel, 

quasi-fractal morphology, which we termed gold nano-caltrops (GNC). This highly 

branched nanoparticle morphology is the result of the temperature modulation to the 

conventional one-pot synthesis of star-like gold nanoparticles. These GNC possess a high 

degree of surface roughness thanks to the kinetics favored growth regime facilitated through 

a combination of the presence of hydroquinone as the reducing agent and higher synthesis 

temperatures. As a result of their highly-curved, sharp and irregular surface features, these 

nanoparticles exhibited marked enhancement of Raman signals of a reporter dye when 

compared with similar nanoparticles that possess less overall surface roughness, such as star-

like nanoparticles. Moreover, we have shown that the mechanism of enhancement of the 

Raman signals by these quasi-fractal nanoparticles was not necessarily correlated to their 

surface plasmon resonance, but rather to the degree of their surface inhomogeneity. Hence, 

such highly branched nanoparticles might provide higher resolution and higher sensitivity 

for the detection of low concentration analyte molecules.
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Figure 1. 
Morphology of the synthesized nanoparticles showing the details of surface features. (a) 

Transmission electron micrograph of star-like gold nanoparticles (SGN) at a magnification 

of 125,000; (b) Transmission electron micrograph of quasi-fractal gold nanoparticles (GNC) 

at a magnification of 125,000; (c) Scanning electron micrograph of star-like gold 

nanoparticles; (d) Scanning electron micrograph of quasi-fractal gold nanoparticles.
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Figure 2. 
Evaluation of particle size and particle morphology. (a) Schematic description for the 

calculation of the log mean radius of star-like gold nanoparticles; (b) Schematic description 

for the calculation of the log mean radius of quasi-fractal gold nanoparticles. The log mean 

radius-equivalent for both types of nanoparticles was calculated using the log mean equation 

where the core radius was the distance from the center of the particle to the edge of the solid 

inner core and the outer radius was half the distance between two spikes on opposite sides of 

the nanoparticles. The overall equation used is given by: RLM = (RSpike − RCore)/ln(RSpike/

RCore); (c) Comparison of particles sizes obtained from transmission electron micrographs 

and from dynamic light scattering experiments; (d) The isoperimetric ratios for both star-like 

and quasi-fractal gold nanoparticles calculated using Matlab.
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Figure 3. 
The UV-Vis absorption spectrum for both star-like and quasi-fractal gold nanoparticles. (a) 

The drastic reduction in spectral intensity and detail with the increase of synthesis 

temperature from 25 °C to 65 °C. At 25 °C, the spectrum exhibits two major peaks in the 

500–800 nm region of interest (inset). (b) The comparison of the absorption spectra of an as-

prepared suspension of quasi-fractal nanoparticles at 65 °C with a ten-fold concentrated 

suspension at the same temperature.
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Figure 4. 
Comparison of the Raman spectra of malachite green dye in the presence of star-like and 

quasi-fractal gold nanoparticles. The chemical structure for the malachite green oxalate salt 

molecule is also shown, together with the three most noteworthy characteristic Raman bands 

of the dye. The intensity of the 1172 cm−1 band was used as the basis for the calculation of 

the relative enhancement factor.
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