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COMMENT  
 

BIOMEDICAL RESEARCHERS SHOULD DECLARE THEIR ASSUMPTIONS 

Jerome Goddard1 and Jerome Goddard II2 

1Department of Biochemistry, Molecular Biology, Entomology, and Plant Pathology, Mississippi State University, 

Mississippi State, MS 39762 
2Department of Mathematics and Science, Auburn University Montgomery, Montgomery, AL 36117 

E-mail: jgoddard@entomology.msstate.edu 

 

 
Recently, the Editor-in-Chief of Science asked its reviewers and editors to identify papers submitted to the journal 

that demonstrate excellence in transparency and instill confidence in the results (McNutt 2014). This was done in 

response to issues with irreproducibility (primarily) in preclinical studies.  There may be other ways scientific 

papers can be made more transparent and reliable.  Sometimes very solid, or at least well-intentioned, scientific 

reports contain assumptions which, if false, severely weaken the work.  Assumptions are facts taken for granted, 

and in an argument, assumptions must be allowed as true for that particular argument to advance.  Calling 

assumptions into question is a legitimate way to undermine a claim or simply deepen our understanding of the 

issue; however, if assumptions are never identified (declared), then spurious claims sometimes may be advanced 

as fact.  One example of this occurred in a 1978 paper in Nature that is frequently quoted concerning cultural 

evidence of dog domestication. That letter reported a human skeleton found in a grave in what is now Israel with 

its hand resting on the chest of a puppy skeleton (Davis and Valla 1978) and the authors interpreted this as 

evidence of affection between the human and the dog.  They said, ñThe puppy, unique among Natufian burials, 

offers proof that an affectionate rather than gastronomic relationship existed between it and the buried person.ò 

Offers proof?  Several assumptions are actually necessary to draw this conclusion which were not identified in the 

paper: 1) that the puppy was purposely buried with the human, 2) that the hand was intentionally placed on the 

puppy, and 3) that this placement meant affection or familiarity between the two.  Any one of these assumptions 

could have been false.  In our opinion, readers of scientific and/or biomedical papers would benefit from a brief 

textbox or section at the beginning of each paper wherein underlying assumptions are disclosed.  Mathematicians 

know all too well the dangers of hidden assumptions.  There is perhaps no other discipline that can so readily 

prerequisite the importance of clearly stating all relevant assumptions.  The counterpart in mathematics of 

hypothesis-driven experimentation and conclusion is the statement of proposition (or theorem) with a 

corresponding proof using formal logic.  In this paradigm, the current setting (or global assumptions) and 

assumptions related to the problem at hand are carefully crafted and explicitly listed.  From these assumptions and 

previously established results, the desired result may be deduced through an application of formal logic (proof by 

induction is an exception).  Making a false assumption, either explicitly or implicitly, will always lead to 

erroneous results.  Thus, it is a common practice in mathematics papers to a priori list all of assumptions 

regarding the proposition to be stated and proved (Lee 2010). ñPerhaps biologists should do the same.ò 
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ABSTRACT 
 

Plasmonic nanoparticles have potential application in nano-optics, solar cell, catalysis, drug delivery and 

cancer treatment. Among those, thiol protected gold nanocrystals draw greater attraction due to their 

superior stability and abil ity to control the composition with atomic precision. However, the challenges in 

the synthetic protocol and lack of atom quantification techniques hinder the determination of atomic 

composition. For the first time, we were able to determine the atomic composition of the three different gold 

nanoparticles in the size regime of 2-4 nm. The composition was found to be Au329(SR)84, Au~500(SR)~120 and 

Au~940(SR)~160 by electro-spray ionization mass spectrometry. All  of these nanocrystals exhibit surface 

plasmonic resonance at around ~500 nm. Size-dispersity of the gold nanocrystals was confirmed by mass 

spectrometry, synchrotron based small angle X-ray scattering and scanning transmission electron microscopy 

analysis. Possible atomic arrangements of these nanocrystals were determined by high-energy X-ray based 

pair distribution function analysis. These largest gold nanocrystals with known composition will pave the way to 

the understanding the origin of surface plasmon resonance and will have greater potential towards application in 

catalysis and optical devices. 
 

INTRODUCTION  

Surface plasmon resonance (SPR) is a collective 

oscillation of the free electron density of the metal with 

the incident radiation (1).
  
Gold nanoparticles shows SPR at 

500-550 nm depend on their shapes and size. Synthesis and 

characterization of small colloidal gold nanoparticles, where 

molecule-to-plasmonic transitions occur, is hindered by 

polydispersity and spontaneous particle aggregation (2).
    

However, thiol protected gold nanocrystals draw greater 

attraction due to their ultra-stabili ty and abili ty to control 

their composition with atomic precision (3).There are two 

size regimes within thiol-protected gold nanoparticles (a) 

ultra-small gold nanomolecules, which are less than 2 nm 

in diameter and (b) plasmonic nanocrystals, which are larger 

than 2 nm and exhibit surface plasmon resonance. 

Atomically precise ultra-stable gold nanoparticles such as 

Au25(SR)18 (4), Au38(SR)24 (5), Au130(SR)50 (6), Au137 

(SR)54(7), and Au144(SR)60 (8) (where the R group is thiol 

ligand attached) have previously been prepared with atomic 

precision using the Brust-Schriffin method.  However, these 

synthetic protocols were only applicable to ultra small gold 

nanoparticles and limited control was achieced for larger 

nanoparticles (9,10). 

The most promising techniques used in compositional 

analysis of these nanoparticles are X-ray crystallography 
and mass spectrometry (MS) (11-14). However, structural 
analysis of plasmonic nanoparticles still remains 
challenging; polydispersity and larger particle size often 
prevent the diffraction quality single crystals. 
Nevertheless, advances in instrumental methods have 
developed in mass spectrometry (MS) techniques, such as 
MALDI  and ESI for determination of the composition. 

This report discuss the recent progress in super-stable 

plasmonic nanoparticles at 76.3, 115, 200 kDa mass range. 

Ultimately, Electro-spray ionization mass spectrometry 

window (ESI-MS) was able to expand upto 200 kDa mass 

range to determine the atomic composition of gold 

nanoparticles. These nanoparticles were characterized by 

suite of analytical techniques like synchrotron based small 

angle X-ray scattering (SAXS) and high-energy X-ray 

based pair distribution function analysis (PDF). Further, 

the monodispersity of the synthesized nanoparticles was 

verified using scanning transmission electron microscopy 

(STEM) analysis. 

EXPERIMENTS  

Synthesis: Atomically precise nanoparticles synthesis 

involves three steps. Initially, a crude mixture containing 
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polydisperse Au nanoparticles was prepared in a 

modified version of the previous report (15). Then, meta-

stable nanoparticles were eliminated by thermochemical 

treatment of the crude product with excess thiol (16).
  

Finally, pure monodisperse nanopartilces were isolated by 

solvent fractionation. 

Step1: Aqueous solution (30 mL) of HAuCl4 (0.1772 

g/0.45 mmol) and toluene solution (30 mL) of 

tetraoctylammonium bromide, TOABr (0.55 mmol) were 

mixed and stirred well  (30 min). Phenylethanethiol 

(0.0622 mL/0.225 mmol) was added to the separated 

organic phase, and further stirred at room temperature (for 

30 min). Gold to thiol molar ratio was varying 1:1, 1:0.5 and 

1:0.25 depending on the desired final product. An aqueous 

solution of NaBH4 (10 mmol, 20 mL) cooled to 0 °C, was 

added to the reaction mixture and stirred for another 2 h. 

Then, organic layer was separated and evaporated to 

dryness. The product was washed with methanol three times 

to remove thiol and other byproducts. 

Step  2:  Around  Ḑ100-200  mg  of  the  crude  product  

was dissolved in toluene 90.50 mL) and subjected to 

thermochemical treatment with excess phenylethanethiol 

(0.05 mL) at 80° C under stirring while monitoring the 

product with MALDI-MS. After several days of etching, 

product was washed with methanol several times, and 

extracted with toluene. 

Step 3: Then nanoparticles were dissolved in toluene and 

subjected to solvent fractionation to isolate the desired 

nanoparticles at 76.3,115 and 200 kDa ( Figue 1). 

 

 
 

Figure 1: (left) MALDI -MS of the thermochemically treated product and isolated nanoparticles at 76,115 and 200 kDa. Adapted from ref 

[17] (right) Suite of technique used for characterization of plasmonic gold nanoparticles. MALDI-MS: Matrix assisted laser desorption 

ionization mass spectrometry, ESI-MS: Electro-spray ionization mass spectrometry, STEM: Scanning transmission electron microscopy, 

PDF: pair distribution function analysis, SAXS: Small angle X-ray scattering, UV-vis: Ultraviolet-visible absorption spectroscopy. 
 

RESULTS AND DISCUSSION 

Wet-chemical methods were developed and optimized for 

synthesis of atomically monodisperse plasmonic gold 

nanoparticles. These nanoparticles subjected to the 

complete and comprehensive characterization using mass 

spectrometry, spectroscopy, high resolution electron 

microscopy and X-ray diffraction tools. Following 

content will composition assignment and characterization 

of 76.3,115 and 200 kDa. 

Plasmonic Au329(SR)84 nanoparticles 

The main objective of this work is to determine the 

chemical composition of the previously reported large 

76.3 kDa thiolated gold nanomolecules (15).  This is the 

smallest sized nanoparticles that exhibit surface 

plasmonic resonance. First, the purity of the sample was 

determined by MALDI -TOF mass spectrometry. Figure 

2a, STEM of identical size particles and Figure 2b.c, 

MALDI spectra shows clear baseline indicating nascence 

absence of any other nanoparticles or detectable 

impurities. It is well established that the nanoparticles 

with fixed atomic composition can be synthesized 

utilizing the different ligand that have similar properties 

but different in mass. For example composition of 

Au38(SR)24, Au67(SR)35 and Au144(SR)60 are independent 

of different -R groups. In other words, if one can make 

the same nanoparticles with different ligand, mass 

difference method can be applied to determine the 

composition of newly synthesized nanoparticles. Figure 
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2d shows the expansion of the 3- region of the ESI mass 

spectrometry of the 76.3 nanoparticles synthesized using 

three different thiols namely īSC6H13(117 Da), 

īSCH2CH2Ph (137 Da), andīSC12H25(201 Da).  In 

each case, gold to thiol compositional assignment yielded 

329:84.18   Both positive and negative mode of ESI-MS 

spectra show identical peaks indicating the absence of any 

other counter ions (Figure 2e). Cesium acetate is 

commonly added to the nanoparticles to promote the 

ionization in mass spectrometric analyses by forming Cs 

adduct. Therefore, Cs+ ions were intentionally added to 

prove that the Au329(SR)84 is the base molecular ion. In 

this case envelope of peaks due to several cesium adducts 

(1 to7 Cs ions) were observed. 

A comprehensive investigation including the analysis of 

nanoparticles with three ligands, in positive and negative 

mode and Cs+ adduction lead to a conclusive composition 

of Au329(SR)84. Based on the assigned formula, there are 

245 free electrons to facilitate the surface plasmon 

resonance (the next smallest cluster Au187(SR)68 (6) which 

have 119 free electron does not support for SPR). 

Therefore, this compositional determination will facilitate 

the fundamental understanding of the birth of surface 

plasmon resonance (18). 

 
 

a b 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

c d e 
 

 
 
 
 

 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

Figure 2: (a) Low-magnification HAADF-STEM images of dispersed Au329(SR)84.(b) ESI-MS  (red) and MALDI-MS (blue) spectra of 76.3 

kDa nanomolecules synthesized using HSCH2CH2C6H5 thiol. The lines at the top indicate the theoretical values for the 1, 2, 3, 4, and 5 charge states 

of Au329(SCH2CH2Ph)84. (c) Ligand count determination by analyzing 76.3 kDa species protected by various ligands. (c) MALDI-MS of the 76.3 

kDa nanomolecules synthesized using dodecanethiol (oli ve), phenylethanethiol (blue), and hexanethiol (red). (d) ESI-MS Q-TOF of 3- ions of the 

76.3 kDananomolecules using three ligands. Assuming that the number of metal atoms is constant, for the 76.3 kDa nanomolecule for these three 

ligands, the number of ligands is calculated by the mass difference of the intact ESI ions. The ligand count was found to be 84 in all cases, which then 
leads to the Au atom count of 329 atoms. Peaks marked by an asterisk indicate remaining impurities not removed during purifi cation or other minor 

species present in the sample. Dotted lines indicate the theoretical mass of the 3īions of corresponding Au329(SR)84 nanomolecules. (e) 

Au329(SCH2CH2C6H5)84 with negative mode (NV, red) and positive mode (PV, blue) in the presence of cesium acetate (PV, olive) and further 

addition of cesium acetate (PV, purple). The positive and negative spectra shows the 4+ and 4īmolecular ions, respectively, while the addition of 

cesium acetate leads additional peaks due to the formation of Cs+ adducts, such as Au329(SCH2CH2C6H5)84·Cs+,Au329(SCH2CH2C6H5)84·2Cs+, 

Au329(SCH2CH2C6H5)84·3Cs+. Further addition of cesium acetate leads to adducts with 4, 5, 6, and 7 Cs+  ions. Reprinted with permission from 
[18]. Copyright 2014 American Chemical Society. 
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Plasmonic Au~500(SR)~120 nanopar ticles 

Experimental conditions were optimized for synthesis and isolation of next largest super stable plasmonic gold 

nanoparticles at 115 kDa. In this case Au:thiol ratio set to 1:0.5, instead of 1:1. We were able to synthesize these 

nanoparticles with two different ligands (phenylethanethiol and hexanethiol). Ligand mass difference method was 

employed to determine the atomic composition using ESI mass spectrometry. First the number of ligands was 

determined as 120, using ligand mass difference method and then number of gold atoms were back calculated and found 

to be 500. 

However, broader mass peaks were observed when compared to the ultra-small nanoparticles. This is due to the several 

stable species within 115 kDa mass range. Control experiments were performed with Au329 which shows fixed 

composition, to verify the size dispersity of the 115 kDa mass range. Based on the ESI-MS peak width, composition was 

concluded to be AuḐ500±10(SCH2CH2Ph)Ḑ120±3. 

 

                                 
Figure 3: Mass Spectrometry. MALDI (red) and ESI (blue) mass spectra of ñ115 kDaò nanoparticles yielding a composition of 

AuḐ500±10(SCH2CH2Ph)Ḑ120±3. MALDI-MS shows 1+ and 2+ ions, while ESI yields 3ī,4ī,5ī, and 6īions. Deconvolution of the six charged ions is 

consistent with a 115 kDa molecular ion. The inset shows the deconvoluted spectra of AuḐ500 protected byīSCH2CH2Ph andīSC6H13 ligands, where the 
3ī,4ī, and 5īESI peaks are multiplied by 3, 4, and 5 to yield the 1īmolecular ion, at 115 kDa. From the mass difference, the total number of ligands was 
calculated to be 120. Reprinted with permission from [19]. Copyright 2014 American Chemical Society. 

 

HAADF-STEM (Figure 4) shows the monodisperse, 

hexagonal shaped 2.4± 0.1 nm particles with FCC planes. 

Sintering and electron beam induced nanoparticles 

aggregation directly effect to the observed nanoparticles 

size, shape and size dispersity. Surface atom diffusion and 

reconstruction were observed with HAADF-STEM 

imaging as a result of high electron dose. Thus beam dose 

was optimized and minimized using lower voltage and 

acquiring first-pass images. Figure 4 a, b and c show the 

representative low-magnification images of the particles. 

The images visually demonstrate the monodispersity and 

self-assembled particles on the TEM grid. Figure 4dīh 

show the high resolution images of the isolated 

AuḐ500(SR)Ḑ120  nanoparticles, illustrating the surface 

morphology of individual Au~500 nanoparticles. 

High energy X-ray based atomic pair distribution function 

shows the histogram of the entire atomïatom distances 

within the single nanoparticles. Total scattering 

measurements account for both Bragg and diffuse 

scattering and its fourier transformation into real space 

yields the PDF. Figure 5(left) shows the synchrotron high 

energy X-ray-based pair distribution function analysis of 

AuḐ500±10(SR)120±3   in comparison with fcc-like 100 nm 

gold nanoparticles, calculated PDF of icosahedral Au309 

,Marksdecahedral Au389, and truncated octahedral Au405. 

Experimental PDF data matches with the 

Marksdecahedral, and truncated octahedral models. 

Figure 5(right) shows the SAXS data and analysis will 

provide the shape, size and size dispersity information of 

the AuḐ500(SR)Ḑ120 system.  The wide range of linear Guinier 

behavior (ln[I(q)] vs 2, Figure 5b inset) at low scattering 

angles and the scattering features from 0.3ī0.8 ¡ī1  

depict the  monodispersity of the AuḐ500  nanoparticles. 

Three-dimensional molecular envelopes were 

reconstructed from the SAXS data and envelope adopts an 

ellipsoid-like shape (dimensions of 2.2ī3.0 nm). The 

diameter measured by small angle X-ray scattering was 
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2.6 ± 0.2 nm, which is in agreement with TEM and PDF 

measurements. 

Plasmonic peaks for these particles appear at ~498 nm. 

SPR is supported by 380 free electrons based on 

composition assignment. These plasmonic nanoparticles 

can be used in plasmonic application such as optical 

sensors, drug delivery, cancer cell detection and also in 

catalytic applications. 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5:(Left ) Experimental atomic PDF of AuḐ500±10(SR)120±3 in comparison with calculated PDF patterns of icosahedral Au309, Marks Dh Au389, 

Truncated Oh Au405 and 100 nm fcc (bulk like) patterns. PDF patterns of AuḐ500 show a decent match with Marks Dh and fcc patterns. (Right) SAXS 

data, data fits, and the derived SAXS molecular envelope for AuḐ500 nanoparticles. (a) SAXS data (black solid circle with error bar) were collected up to 
0.8 ¡ī1. The red curve is a representative fit for the molecular envelope calculation. The molecular envelope, also known as a bead model, wascalculated 

using the program DAMMIN, with SAXS data up to 0.6 ¡ ī1. The data points in the red curve beyond 0.6 ¡ī1 were calculated from the resultant molecular 

envelope, matching well with the experimental data. The inset is the Guinier fit for SAXS data at q close to 0. Rg obtained from the data fit is 1.05±0.05 nm. 
(b) The two views of the final SAXS molecular envelope with dimensions. Twenty independent molecular envelope calculations were performed, and the 

resulting envelopes were further averaged to generate the final, consensus molecular envelope. The error bar of the dimensions is expected as 0.1ī0.2 nm. 

Reprinted with permission from [19]. Copyright 2014 American Chemical Society. 

 

 

Figure 4.    HAADF-STEM images of AuḐ500(SR)Ḑ120. (aïc) Low-magnification 

images of dispersed AuḐ500(SR)~120. (dïh) High-resolution images of individual 

particles, field of view is 5 nm × 5 nm. Reprinted with permission from [19]. 

Copyright 2014 American Chemical Society. 
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Plasmonic Au~940(SR)~160 nanoparticles 

Experimental conditions were further modified to synthesize the next largest super stable plasmonic gold nanoparticles at 200 

kDa. Au:thiol ratio further reduced to 1:0.25 to yield the gold nanoparticles at 200 kDa. Figure 6 shows the MALDI (blue) 

and ESI (red) mass spectra of the gold nanoparticles synthesized using phenylethanethiol. Mass peak at 200 kDa shows the 

monodispersity of the sample and the flat base line implies the absence of other impurities. Inset shows the deconvoluted 

ESI-MS of the nanoparticles with phenylethanethiol and hexanethiol ligands. Mass different method yielded, the assignment 

of Au~940SR~160. This is the largest size to be characterized by high resolution ESI mass spectrometry. 

Low-magnification STEM images of the AuḐ940(SR)Ḑ160 particles show the monodispersity of the particles. Furthermore, the 

atomic structure was studied in high-resolution STEM images. HAADF-STEM images show fcc-like, 2.9 nm particles. 

Figure 7.j shows the Fast Fourier transform (FFT) of the single nanoparticles in 3i. The measured FFT lattice spacing are 

closely match with the bulk fcc. 

 

 
 

Figure 6: Mass spectrometry. MALDI (red) and ESI (blue) mass spectra of 207 kDa nanoparticles synthesized using HSCH2CH2Ph thiol. 

MALDI -MS with DCTB matrix shows 1+ ions, while ESI-MS yields 4ï, 5ï, and 6ï multiply charged ions. The theoretical values for 

charge states 1, 2, 3, 4, 5, and 6 are shown by dotted lines at the top. The inset shows the deconvoluted ESI mass spectra of 940 atom 

nanoparticles protected by īSC6H13  and  īSCH2CH2Ph. The deconvolution of the multiply charged ions (4ï, 5ï, and 6ï ESI peaks are 

multiplied by 4, 5, and 6, respectively, to yield the 1ï molecular ion at 207.5 kDa for the ïSCH2CH2Ph ligand) of the multiply charged 

ions. This mass difference was used to calculate the number of ligands. The composition of the nanoparticles was determined to be 

Au940±20(SR)160±4. Reprinted with permission from [17]. Copyright 2014 American Chemical Society. 

 

Figure 8(left) shows the high energy X-ray based atomic pair distribution function (PDF) data of the AuḐ940(SR)Ḑ160 in 

comparison with fcc-like 100 nm gold nanoparticles, calculated PDF of icosahedral Au923, marksdecahedral Au831 and 

truncated octahedral Au807 models. Experimental PDF data significantly matches with the calculated truncated octahedral 

Au807 model. The Au807 model consists of 13, 42, 92, 162, 252, and 246 atoms in each individual shell (Figure 8a). The 3-D 

molecular envelope were derived from the AuḐ940(SR)Ḑ160 SAXS data  shows an 3.3 nm sized ellipsoid-like shape and the 

cross section of about 2.5-2.8 nm. The diameter measured by SAXS, 3.0 ± 0.2 nm, is in agreement with STEM particle 

diameter measurements (Table 1). UV-visible spectrum shows the SPR at 506 nm which is supported by around 780 free 

electrons based on composition assignments. 
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Figure 8: (Left) (a) Proposed six-shell Au807 atomic model for the metal-core-only portion of AuḐ940(SR)Ḑ160 nanoparticles. (b) PDF fit of 

the Au807 TO model with that of the experimental PDF of AuḐ940(SR)Ḑ160. The Rw  is 44%. Note that the model only considers the 

metal core.   (Right) SAXS data, fittings, and the derived SAXS molecular envelope of Au940 nanoparticle. (c) SAXS data (black open 

circle with error bar) were collected up to 0.6 Å-1. The red curve is a representative fitting in the molecular envelope calculation. The 

molecular envelope, also known as bead model, was calculated using the program DAMMIN, with SAXS data up to 0.6 Å-1. (d) The inset 

is the Guinier fit for SAXS data atqclose to 0.Rg obtained from the fitting is 1.32±0.07 nm. (e) Two views of the final SAXS molecular 

envelope. The length of the white bar is 1.0 nm. Reprinted with permission from [17]. 

Copyright 2014 American Chemical Society. 

 

  

Figure 7: Electron microscopy. STEM 

images of the AuḐ940(SR)Ḑ160  

nanoparticles. (a,b) Low-magnification STEM 

images. (cïi) High-resolution HAADF-STEM 

image of the individual nanoparticles, scale 

bar is 2 nm. (j) Fast Fourier transform of (i) 

showing lattice spots similar to bulk fcc Au 

oriented along the [0ï11] zone axis. Reprinted 

with permission from [17]. Copyright 2014 

American Chemical Society. 
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