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ABSTRACT: Extreme dilutions, especially homeopathic
remedies of 30c, 200c, and higher potencies, are prepared by
a process of serial dilution of 1:100 per step. As a result,
dilution factors of 1060, 10400, or even greater are achieved.
Therefore, both the presence of any active ingredient and the
therapeutic eﬃcacy of these medicines have been contentious
because the existence of even traces of the starting raw
materials in them is inconceivable. However, physicochemical
studies of these solutions have unequivocally established the
presence of the starting raw materials in nanoparticulate form
even in these extreme (super-Avogadro, >1023) dilutions. In
this article, we propose and validate a hypothesis to explain how nanoparticles are retained even at such enormous dilution levels.
We show that once the bulk concentration is below a threshold level of a few nanograms/milliliter (ng/mL), at the end of each
dilution step, all of the nanoparticles levitate to the surface and are accommodated as a monolayer at the top. This dominant
population at the air−liquid interface is preserved and carried to the subsequent step, thereby forming an asymptotic
concentration. Thus, all dilutions are only apparent and not real in terms of the concentrations of the starting raw materials.

■

INTRODUCTION

presence of even remnants of the starting materials is
unimaginable?
To answer the above question, several hypotheses invoking
liquid memory,1−4 clathrate formation,5 and quantum physical6,7 aspects have been put forth. However, insuﬃcient
validation and the speculative nature of these hypotheses have
drawn severe criticism. Only the silica hypothesis8 invokes the
presence of physical entities. Recently, contrary to the existing
beliefs that these dilutions would be devoid of any physical
entities, Chikramane et al.9 found that homeopathic medicines
prepared using metal powders as the starting raw materials
retained them even at extreme potencies of 30c and 200c
(dilution factors of 1060 and 10400, respectively), much beyond
Avogadro’s number. In spite of such enormous dilutions,
nanoparticles of the metals ranging in sizes from 5 to 10 nm
were detected by transmission electron microscopy (TEM) and
electron diﬀraction (ED). Another signiﬁcant observation was
that the concentrations of these starting materials, albeit at
extremely low (picogram/milliliter) levels, did not decrease as
expected with serial dilutions but instead formed an asymptote
beyond the 6c potency (dilution factor of 1012).
In this article, we unravel the mystery of how particles are
retained despite extreme dilutions. Using gold nanoparticles

This article is about extremely high dilutions of starting raw
materials that arise in several industrial and biological
applications. The process of manufacturing homeopathic
medicines employs extreme dilutions even beyond what the
atomistic theory of matter provides, leading to doubts regarding
the existence of starting materials in these formulations. We
show here that a ﬁnite amount of starting material remains in
the ﬁnished product even at these extremely high dilutions. Our
conclusions arise from our experiments indicating that in the
successive dilution process of manufacturing, beyond a certain
stage, the dilution is merely apparent and the concentration of
the starting material in the diluted product reaches a non-zero
asymptotic level no matter how much more the sample is
diluted.
Homeopathy, since its inception in the late eighteenth
century, has been used extensively for the treatment of various
ailments while also being the epicenter of controversy. This
therapy is based on the tenet that a solution of a particular
substance (though highly toxic at high concentrations) when
diluted several fold (on the order of 1060 or even greater),
accompanied by a vigorous shaking process called succussion at
every dilution step, imparts a potent activity with medicinal
value. The scientiﬁc question often posed is, How are the
homeopathic medicines active when they are used at extreme
dilution, often well beyond Avogadro’s number, wherein the
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clumps in the suspension, the mixtures were ﬁltered through 0.22 μm
ﬁlters. The resulting clear dispersions were then sonicated for 5 min,
and a drop of each was placed on TEM grids in a clean room to
prevent artifacts. The grids were allowed to air dry for approximately
30−60 min, and then were placed under an IR lamp to ensure the
complete removal of solvent molecules adhering to the particles. All
samples were viewed at 200 kV.
Succussion, Sparging, and Ultrasonication Processes. For serial
dilution experiments or high-speed videography, a 250 mL capacity
borosilicate glass container was ﬁlled with 150 mL of 90% v/v ethanol
with suspended AuNP's. In succussion, the container was subjected to
vigorous manual pounding on a rubber sheet (20 times in 5 min with
short intervals of a few seconds between strokes). In the serial dilution
experiments, the samples were subjected to inductively coupled
plasma-atomic emission spectroscopy (ICP-AES) or inductively
coupled plasma-mass spectroscopy (ICP-MS), whereas in high-speed
videography a single succussion stroke was given and the process was
recorded. Because succussion yielded numerous bubbles on impact, we
studied other similar processes such as sparging and ultrasonication
that produced bubbles. For sparging, a sintered-glass sparger with
micrometer-sized pores was used to pass air at a rate of 3 L/min for 5
min (the time required for 20 succussion strokes). For ultrasonication,
a digital soniﬁer (Branson Ltd., USA) was operated at 20% amplitude
with a frequency of 20 kHz for 5 min, with alternating sonic pulses of 5
s followed by a break of 2 s.
High-Speed Digital Videos of Succussion, Sparging, and
Ultrasonication Processes: A Comparative Study. High-speed videos
of the three processes were captured using the Phantom v12.1 (Vision
Research Inc., USA) at a camera speed of 2000 fps with a resolution of
640 × 480 pixels. The videos were recorded by placing the camera at
various heights so that the top and bottom of the liquid in the
container could be ﬁlmed. In succussion, the camera was switched on
immediately prior to the impact of the container on the elastic block
and continued until the solution in the bottle became stationary after a
highly turbulent phase immediately after impact. Similar videos were
also taken for sparging and ultrasonication. The frames at the point of
impact in succussion, initiation of bubble formation in sparging, and
ultrasonication were taken as t = 0, and the time lapse of the
subsequent frames was calculated accordingly. Representative snapshots of the three processes at various time intervals are presented.
Estimation of AuNP's in the Top Layer (TL) and Middle Layer
(ML) of the Solution by ICP-AES and ICP-MS. AuNP concentrations
were analyzed in the TL and the ML of the samples using ICP-AES
and ICP-MS after serial dilutions with the three processes mentioned
above.
AuNP powder (3 mg) was triturated either alone or with 1.5 g of
lactose for 30 min in a mortar. The triturated AuNP's with or without
lactose were then added to 150 mL of 90% v/v ethanol in a glass
container maintaining a lactose/ethanol ratio of 1:100, thus mimicking
the ﬁrst centesimal (1:100) dilution in the homeopathic process after
the initial solid triturations. The solutions were swirled to ensure
thorough mixing of the contents. The containers were kept stationary
for an hour, at the end of which 1.5 mL of TL and ML was removed
(unprocessed samples) and an equivalent amount of solvent (3 mL)
was replaced in the container. The bottle was then either succussed 20
times or sparged or ultrasonicated for 5 min depending upon the
process and kept stationary for 45 min, after which 1.5 mL of TL and
ML was removed. The TL sample was transferred to 148.5 mL of fresh
90% v/v ethanol in a new container, whereas the ML sample was
analyzed directly. The procedure was followed for seven serial dilution
steps. The Au concentrations were determined on an Ultima 2 ICPAES instrument (Jobin Yvon Horiba, Japan; LOD 10 ng/mL).
Since the asymptotic region was far below the LOD of the ICP-AES
instrument, an experiment with highly sensitive ICP-MS (Finnigan
ELEMENT2, Thermo Electron Corporation, USA; LOD <1pg/mL)
was performed. A procedure similar to that mentioned above was
followed. Serial dilutions of up to 15c (ﬁnal dilution factor of 1030)
were made by repeated succussion−dilution steps, and the AuNP
concentrations were estimated.

(AuNP's), we performed controlled experiments closely
mimicking the homeopathic manufacturing process of
successive dilution with succussion and analyzed the concentration of gold in various parts of the sample. Our results
suggest that the particles of the starting raw materials
preferentially get adsorbed at the air−liquid interface, which
is retained through the serial dilutions, thus attaining a nonzero asymptotic state. On the basis of the results that we
obtained, we propose a hypothesis of particle retention that
explains the presence of the starting material despite enormous
dilutions, thereby resolving the homeopathic conundrum and
reconciling it with the atomistic theory of matter.

■

EXPERIMENTAL SECTION

Materials. The chemicals used were procured from the following
sources: Hydrogen tetrachloroaurate(III) trihydrate (HAuCl4·3H2O)
was obtained from Acros Organics, USA. Hydrochloric acid (HCl) AR,
nitric acid (HNO3) AR, sodium borohydride (NaBH4) AR, sodium
hydroxide (NaOH) AR, and potassium bromide (KBr) AR were
obtained from Merck India Ltd. Lactose monohydrate AR and zinc
(Zn) dust AR (∼325 mesh particles) were obtained from SD Fine
Chemicals Ltd. and Sisco Research Laboratories, India, respectively.
The HPLC-grade ethanol was acquired from Commercial Alcohols
Inc., Canada. The TEM grids obtained from Paciﬁc Grid-Tech (USA)
were 200 mesh copper grids coated with Formvar-Carbon.
Methods. Synthesis of AuNP's. We used synthetic AuNP's to
mimic the ultraﬁne gold powder resulting from the grinding process in
traditional homeopathic medicines. Approximately 40 mg of
HAuCl4·3H2O was dissolved in 2 mL of a 50 mM solution of HCl
to obtain the desired 50 mM solution. Similarly, an equimolar solution
of NaBH4 was prepared by dissolving approximately 38 mg in 20 mL
of 50 mM NaOH solution. The HAuCl4·3H2O (1 mL) solution was
slowly added to 100 mL of Milli-Q water with vigorous stirring at
room temperature. NaBH4 solution (6.5 mL) was slowly added, and
the mixture was stirred for approximately 5 min until there was a
distinct color change from light yellow to wine red.10 The assembly
was then placed in an oil bath maintained at 100 °C for 5 min. After
the completion of the reaction, as monitored by UV−vis spectroscopic
analyses, the reaction mixture was immediately plunged into liquid
nitrogen and frozen and then lyophilized at −52 °C for 48 h (Alpha 12 LDplus, Martin Christ GmbH, Germany) until dry AuNP powder
was obtained. In addition to the AuNP's, Zn dust was also used in
ultraﬁne form through the grinding process.
Lactose Trituration of AuNP's and Zn Dust. Similar to the
traditional homeopathic process wherein metal powders are triturated
(intimately mixed by grinding) with lactose before serial dilutions, we
triturated both AuNP's and Zn dust with lactose in a ratio of 1:5 in a
mortar for 30 min. We chose a ratio of 1:5 (instead of 1:10 used in
traditional manufacturing) to avoid masking the interactions in the
presence of excess lactose.
Fourier Transform Infrared (FT-IR) Spectroscopy of LactoseTriturated Mixtures. The IR spectra of plain lactose and the triturated
mixtures were recorded on an FT-IR spectrometer (Perkin-ElmerSpectrum One) in transmission mode using KBr discs, each with 20
repeating scans. KBr used in the experiment was oven dried followed
by vacuum drying and subsequent storage in a glovebox before use.
Each sample was vacuum dried and stored in an inert atmosphere of
nitrogen prior to analysis. The results were plotted as wavenumber
(cm−1) against percentage (%) transmittance to compare the relevant
frequency shifts due to the interaction of lactose on AuNP and Zn
particle surfaces. The spectra were analyzed in the region of 4000−500
cm−1. Some areas in the spectra were magniﬁed with the scale bar
intact for a better resolution of closely spaced peaks.
Transmission Electron Microscopy (TEM)/Selected Area Electron
Diﬀraction (SAED) Analyses of Triturated Mixtures. The TEM and
SAED analyses were performed on a JEM 2100 high-resolution TEM
(JEOL, Japan). The triturated mixtures were dispersed in 90% v/v
ethanol. After ensuring proper dispersion as seen by the lack of visible
B

dx.doi.org/10.1021/la303477s | Langmuir XXXX, XXX, XXX−XXX

Langmuir

Article

Figure 1. AuNP's synthesized for the hypothesis studies. (A) Bright-ﬁeld TEM micrograph of AuNP's (scale bar = 10 nm). (B) SAED pattern of the
particles. (C) Size distribution of the nanoparticles. (D) EDS spectrum of the AuNP's. Distinct peaks of Au are visible in the spectrum. (E) UV−
visible spectroscopy data with a λmax for AuNP's at 527 nm.
For estimating gold, a similar sample preparation method was used
for both techniques. The samples were prepared by evaporating the
ethanol to complete dryness in a vacuum rotary evaporator (Roteva
model no. 8706R, Equitron, India) at 45 °C and 100 rpm. The
residues were acidiﬁed with aqua regia, and the ﬁnal volume of the
sample was adjusted to 2 mL with Milli-Q water. The samples were
ﬁltered through Whatman 40 ﬁlter paper to remove any residual
matter prior to analyses. The concentrations of AuNP's in the ML and
bulk were directly obtained from ICP-MS or ICP-AES, whereas those
in the TL were back-calculated (Supporting Information, Tables S1
and S2, respectively). For ICP-AES, an emission line of 242.795 nm
was selected for measuring the concentration of gold, whereas in ICPMS, gold concentrations were determined by a mass spectrometer.
The instrument response was calibrated using standards prior to
analyses of the samples.

particle-size range of the synthesized AuNP's harmonized
with the crystallite sizes of 5−10 nm obtained in the dark-ﬁeld
TEM of the nanoparticles in the homeopathic solutions in our
earlier studies.9
FT-IR Spectroscopy of Lactose-Triturated Mixtures.
An FT-IR study was performed to examine any interaction of
lactose with the raw material particles during trituration, the
ﬁrst step in homeopathic manufacturing. Figure 2A−C shows
the IR spectra of plain lactose, AuNP−lactose and Zn dust−
lactose triturated mixtures, respectively. Several characteristic
features of chemical interactions between lactose and metal
particles (gold and zinc) were observed in the spectra.
In plain lactose, two characteristic O−H stretching
vibrationssecondary alcohol [R2CH(OH)] at 3382 cm−1
and primary alcohol [RCH2OH] at 3350 cm−1are observed
in the spectra (Figure 2A).
Typically, for AuNP's prepared by the reduction of gold salt
in the presence of water, the AuNP surface is reported to
undergo partial hydroxylation, forming Au−OH (pKa 3.2).11
However, the dominant surface ion (−OH or −O−) is dictated
by the pKa of the hydroxylated gold surface. When the pH of
the surrounding medium is below the pKa of the hydroxylated
gold surface, then −OH groups are dominant, but if the pH is
above the pKa, then −O− groups prevail.12
In our case, the AuNP surface will be dominated by −O−
ions,13,14 which will tend to form hydrogen bonds with lactose
through primary −OH or secondary −OH depending on the
steric approach. Figure 2B depicts the most likely short-range
interaction. We observed a distinct lowering of the mean

■

RESULTS AND DISCUSSION
Synthesis of AuNP's. The AuNP's were synthesized
according to the procedure described in the Methods section.
Figure 1A illustrates the TEM bright-ﬁeld image of the
nanoparticles indicating the formation of spherical particles,
with a narrow size distribution between 2 and 10 nm, with
approximately 94% between 3 and 8 nm (Figure 1C). The dspacing values obtained from the ED pattern of the particles
(Figure 1B) conﬁrm the formation of AuNP's. Additionally, the
EDS and the UV−visible spectroscopic analyses (Figure 1D,E
respectively) indicate Au in the spectrum and a λmax peak at 527
nm, respectively, consistent with the formation of AuNP's.
For our studies, bare, uncoated AuNP powder that could be
used in studies involving lactose trituration simulating the
homeopathic manufacturing process was prepared. The
C

dx.doi.org/10.1021/la303477s | Langmuir XXXX, XXX, XXX−XXX

Langmuir

Article

Figure 2. FT-IR spectra showing the lactose interactions with metal particles after trituration in a 1:5 ratio. (A) Plain lactose, (B) lactose + AuNP,
and (C) lactose + Zn dust. The insets give (A) the structures of lactose and the bonding of lactose molecules with (B) AuNP's and (C) Zn dust. The
AuNP−lactose bonding is through the H atom of the primary alcohol (CH2−OH) group with the O− ion on the AuNP surface. In the case of Zn−
dust, the most favorable conformation is likely through the bonding of the H atom of the Zn surface hydroxyl group with the lone-pair electrons of
the O atom of the primary alcohol group.

stretching frequency of −OH to 3345 cm−1 as compared to
3350 cm−1 in free lactose, indicating the presence of strong
hydrogen bonding via sterically favored primary −OH.15 A
similar observation was made in the analysis of the triturated
mixture of Zn dust with lactose (Figure 2C) with a mean
stretching frequency of 3343 cm−1, indicating hydrogen
bonding through the primary O−H moiety.
Apart from the −OH frequency shifts, changes were also
observed in the vibrational frequencies of methylene C−H
bonds. In the case of plain lactose, two peaks at 2901 cm−1 and
2924 cm−1 corresponding to aliphatic methyne (R2CH−) and
methylene (RCH2−) were obtained (Figure 2A).
In the AuNP−lactose triturated mixture, although the peak at
2901 cm−1 remains constant, the peak due to methylene
(RCH2−) is split into two separate peaks of equal intensities at
2930 cm−1 (antisymmetric stretch νas(C−H)) and 2921 cm−1
(symmetric stretch νs(C−H)) (Figure 2B). This is a clear
indication of the eﬀective interaction between lactose primary
−OH and the AuNP surface.
Similar results were obtained in the case of the Zn dust−
lactose triturated mixture, wherein the methylene (RCH2−)
peak was split into two peaks of equal intensities at 2933 cm−1
[νas(C−H)] and 2919 cm−1 [νs(C−H)] (Figure 2C). Zinc
exists as ions with hydroxyl counterions at the surface, hence
facilitating stable hydrogen bonding interactions. Whereas in
AuNP−lactose the interaction of lactose with the Au−O−
surface is likely through the hydrogen atom of the primary
alcohol, in the case of the Zn dust−lactose triturated mixture,

the hydrogen atom on the partially hydroxylated zinc surface
preferentially bonds through the lone pair electrons on the
oxygen atom in lactose OH (Figure S1, Supporting
Information).
From the spectra, it is evident that the lactose molecules
stabilize the gold or zinc particles by noncovalent interactions
in diﬀerent ways. Although the predominant interaction is via
the primary O−H in both the cases, a combined role of both
primary and secondary O−H in lowering the mean frequency
and peak broadening due to hydrogen bond formation cannot
be ruled out. This interaction of lactose stabilizes the
nanoparticle fraction generated during the trituration process,
which is analogous to the top-down approach of nanoparticle
formation resulting in the separation of the nanofraction from
the coarser particles. To conﬁrm the purported role of lactose
as a stabilizer as obtained in the FT-IR results, TEM analyses of
the triturated mixtures were carried out by dispersing them in
90% v/v ethanol.
TEM/SAED Studies of Lactose-Triturated Mixtures.
TEM studies of AuNP−lactose triturated mixtures (ﬁgure 3A)
demonstrate the formation of nanoclusters of AuNP's (dark
areas in Figure 3A) embedded within a mesh of lactose (gray
areas in Figure 3A). Figure 3B,C shows the SAED patterns of
the dark (AuNP's) and gray (lactose) regions within the
nanocluster, respectively. The SAED patterns clearly reveal the
crystalline AuNP embedded within the amorphous lactose.
Similar observations of the formation of nanoclusters were
made in trituration studies of lactose with zinc dust (325 mesh,
D
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Figure 3. TEM analysis of a 1:5 AuNP−lactose triturated mixture. (A) Bright-ﬁeld image of a lactose-embedded nanocluster of AuNP formed during
trituration (scale bar = 5 nm). (B) SAED pattern of the AuNP embedded within the nanocluster showing a polycrystalline pattern consistent with
the gold JCPDS data. (C) SAED pattern of the lactose in the nanocluster showing an amorphous pattern.

∼44 μm particles). The zinc nanoclusters (not represented in
the article) indicate the formation of 10−20 nm zinc
nanoparticles. The formation of nanoparticles from the larger
particles highlights the importance of the trituration process in
the generation of the nanofraction.
In the manufacturing of synthetic nanoparticles, stabilizers or
capping agents are routinely added to nanocolloids to coat the
nanoparticle surface and prevent their aggregation. The
generation of nanoclusters as evident from the TEM analyses
clearly highlights a similar role of lactose as a stabilizer, akin to
those used in synthetic processes. Lactose aids in preventing
the aggregation of the nanometer-sized particles formed during
the grinding process, thereby eﬀectively segregating the
nanofraction from the coarser particles in the subsequent
dilution steps. ICP-AES and ICP-MS studies were used to
ascertain whether the lactose-stabilized nanoparticles were
retained better than the uncoated particles.
High-Speed Digital Video of the Succussion Process.
The succussion process was studied in detail using high-speed
videography. Representative snapshots of the video of the
bottom and top surfaces of the liquid in the glass container
have been presented in Figure 4A,B, respectively. In Figure 4B,
at the point of impact of the container, a liquid whirlpool was
clearly visible. This whirlpool, having started at the top of the
liquid, reached the bottom, ensuring its complete swirling,
thereby leading to the formation of ﬂotation-sized air bubbles at
the bottom as represented in Figure 4A.

These large entrapped air bubbles have the velocity to
overcome various drag and gravitational forces in the liquid and
rise to the air−liquid interface (Figure 4B). These rising air
bubbles could be instrumental in levitating the nanoparticles
from the bulk to the interface, forming a particle-enriched
surface as explained in detail later. To verify our claim of air
bubbles being the decisive factor in particle levitation, we
performed ICP-AES and ICP-MS experiments to validate the
enriched nanoparticle presence at the interface, possibly by the
formation of a monolayer or a submonolayer on the liquid
surface.
Similarly, we have demonstrated bubble formation during
sparging (Figure S2A,B, Supporting Information) and ultrasonication (Figure S3A,B, Supporting Information).
A quantitative size determination of the bubbles (Figure 5) in
the three processes revealed that in ultrasonication (Figure 5A),
at the bottom, approximately 73% of the bubbles formed were
smaller than 1 mm whereas the remaining were between 1 and
2 mm in diameter. On the contrary, at the air−liquid interface
only about 28% were below 1 mm whereas approximately 50%
were between 1 and 2 mm and approximately 21% were
between 2 and 3 mm. This indicates an increase in the bubble
size, which is expected as a result of bubble coalescence during
levitation.
Succussion, however, showed almost monodisperse bubble
formation with almost 74% in the size range of 1 to 2 mm and
E
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Figure 4. High-speed video images of the liquid in the container during succussion. The images represent a 4.5 cm × 4.5 cm area of the container.
(A) Generation of air bubbles on the bottom. The hydrodynamic swirling of the liquid interface through the bulk liquid causing air entrapment is
perceived. The swirling results in the formation of ﬂotation-sized air bubbles at the bottom of the container. (B) Bubbles at the top of the liquid. The
entrapped air bubbles generated at the bottom rise to the air−liquid interface. These ﬂotation-sized air bubbles during succussion facilitate the
levitation of the nanoparticles from the liquid bulk to the interface. The time from the point of impact has been given on the individual images (scale
bar = 10 mm).

26% below 1 mm in diameter (Figure 5B) at the bottom with
larger bubbles at the top, a trend similar to ultrasonication.
Unlike ultrasonication and succussion, in sparging (Figure
5C), large bubbles were observed. Approximately 8% were <1
mm, 45% were between 1 and 2 mm, and the remaining were
larger than 2 mm, with a few even larger than 10 mm in
diameter. In this case, however, a negligible variation in the size
distribution was observed on the top surface.

We also used ICP-AES and ICP-MS to analyze whether these
diﬀerences in bubble size were responsible for diﬀerential
particle levitation in terms of the absolute concentrations at the
interface.
Estimation of AuNP Concentrations in TL and ML by
ICP-AES and ICP-MS. The ICP-AES and ICP-MS studies
were performed to validate the TL surface enrichment of
AuNP's with simultaneous depletion from the bulk and ML
F
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Figure 5. Size distribution of bubbles generated in (A) ultrasonication,
(B) succussion, and (C) sparging. A progressive increase in the bubble
sizes at the bottom is observed, where ultrasonication produces the
smallest and sparging produces the largest size. In all three processes,
an increase in bubble size at the interface is evident, as a result of
bubble coalescence during levitation to the liquid surface.

Figure 6. Estimation of AuNP concentrations in TL and ML by ICPAES. 0 = unprocessed TL and ML samples and 1c−7c = serial 1:100
dilution steps. Estimated concentrations in (A) samples with simple
dilutions and with succussion and (B) samples with sparging and
ultrasonication. (Squares + black lines) plain lactose, (triangles) bare
AuNP's, (stars) AuNP + lactose triturated mixture. (Open symbols)
ML samples, (solid symbols) TL samples. (Red) Samples with simple
dilution, (black) samples with succussion, (blue) samples with
sparging, and (purple) samples with sonication. The dotted line at
10 ng/mL indicates the LOD of the instrument. Higher TL
concentrations as compared to ML were observed. Also, the
concentrations in succussed and sparged samples were higher than
those for simple dilutions and ultrasonication, indicating the
importance of the generation of bubbles and also their size and
density.

after the three processes with or without lactose. The primary
objectives of these studies were
(1) to study the eﬀects of lactose trituration on the
diﬀerential concentration of the nanoparticles between
the bulk and the air−liquid interface and
(2) to study the eﬀect of the size and density of generated air
bubbles on the diﬀerential concentration of the nanoparticles between the bulk and the interface (i.e., the
froth ﬂotation of nanoparticles).
For this purpose, the diﬀerences in concentration between
AuNP's in the TL and ML of the liquid were analyzed with (i)
two types of nanoparticles (bare AuNP's and AuNP's triturated
with lactose) and (ii) three methods of bubble formation
(succussion, sparging, and ultrasonication). Two possible
explanations with respect to our objectives in the experiments
with the two types of nanoparticles and the three processes
have been outlined below.
Eﬀect of Lactose Trituration. In the dilutions of bare
AuNP's with simple dilution, Au was not detected in the TL
and ML samples (Figure 6A, solid and open red triangles,
respectively). In the presence of lactose, however, the TL
concentrations (solid red stars) were approximately 80 and 30
ng/mL in the ﬁrst and second centesimal dilutions, respectively,
and then below detection from the third dilution onward. The
ML concentrations (open red stars) were much lower, at

approximately 15 ng/mL for the ﬁrst dilution and below the
LOD from the second dilution (Figure 6A) onward.
When the process was repeated with succussion (Figure 6A),
Au was not discerned in the TL and ML (solid and open black
triangles, respectively) because of AuNP's settling as aggregates.
On the contrary, in the succussed AuNP−lactose triturated
mixture, measurable amounts of Au were detected in both
layers (solid and open black stars for TL and ML, respectively),
with the concentration in the TL being signiﬁcantly greater
than that in the ML. Although the ML concentrations fell
below the LOD at the third centesimal (1:100 dilution), the TL
concentrations reached the instrument’s LOD only at the sixth
dilution. There was a gradual decline in the TL concentrations
from approximately 2500 ng/mL in the ﬁrst dilution to about
15 ng/mL in the ﬁfth dilution. The observed results are
interesting because if the process had followed a logical serial
G
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strongly dependent on the initial presence of lactose as a
nanoparticle stabilizer and the extent of froth generated.
We believe that the actual asymptotic region commenced at
these extremely low concentrations. To validate our theory of
asymptote formation, the study of a AuNP−lactose triturated
mixture with succussion as a source of froth generation was
carried out with ICP-MS (Figure 7).

dilution then the concentrations in the TL should have
diminished to below detection at the second dilution itself
instead of the sixth, as was observed for the unsuccussed
samples.
The above result is a clear demonstration of the bubbleinduced ﬂotation of nanoparticles arising from succussion
(Figure 6A). We believe that succussion is analogous to
traditional froth ﬂotation techniques used in concentrating
metals from ores, wherein metal-containing particles ﬂoated to
the surface facilitated by froth or bubbles, as generated by the
addition of frothing agents such as surfactants. In the
succussion process, however, no surfactant is used, but it is
clear from the video images that bubbles are indeed produced.
We chose to study air sparging and ultrasonication further for
their ability to generate bubbles and cause nanoparticle
ﬂotation.
In sparging (Figure 6B), high concentrations of Au were
discerned in TL of the bare AuNP's and the AuNP−lactose
triturated mixture. The Au concentrations in the bare AuNP's
(solid blue triangles) reached approximately 1000 ng/mL in the
ﬁrst dilution and then formed a plateau at around 500 ng/mL
until the ﬁfth dilution, after which the concentration dropped
below the limit of detection. Similarly, a plateauing eﬀect at
approximately 250 ng/mL in the TL of the triturated mixture
(solid blue stars) was observed. The ML concentrations in both
the cases (open blue triangles and open blue stars, respectively)
were below the limit of detection in the second dilution (Figure
6B). A probable explanation of high concentrations in TL in
the bare and triturated mixtures could be related to the
extremely large sizes of the bubbles (larger than those in
succussion) generated during sparging (Figure 5C) having the
ability to levitate even small aggregates of AuNP's to the
surface, which smaller bubbles in ultrasonication and succussion
(Figure 5A,B) would not be able to do.
In ultrasonication, minute cavitation bubbles were formed,
but very few reached the interface. This observation was
corroborated in the Au concentrations discerned in the TL and
ML of bare AuNP's and the AuNP−lactose mixture (Figure
6B). In bare AuNP's, TL (solid purple triangles) and ML (open
purple triangles) concentrations were approximately 350 ng/
mL at the ﬁrst dilution but declined rapidly to below the LOD
in subsequent dilutions. On similar grounds were the TL (solid
purple stars) and ML (open purple stars) concentrations in the
lactose-triturated mixture, which were approximately 150−200
ng/mL in the ﬁrst dilution and then fell below the LOD from
the third dilution onward (Figure 6B).
Eﬀect of Bubble Size and Density. As discerned from the
ICP-AES studies, the size and density of bubbles per unit area
play vital roles in the particle levitation from the bulk. Apart
from the density, the number of ﬂotation-sized bubbles
reaching the interface was found to be important. This is
evident from Figure 6A,B, wherein both succussion and
sparging with a higher density of ﬂotation-sized bubbles
exhibited higher TL concentrations as compared to ultrasonication exhibiting a sparse bubble population at the
interface.
A signiﬁcant bubble-size-dependent concentration gradient at
the TL was observed especially for bare AuNP's, wherein large
sparging bubbles were able to levitate small aggregates of
nanoparticles, which the smaller succussion and ultrasonication
bubbles were unable to do.
The overall results from ICP-AES suggest higher TL
concentrations as compared to those for ML, which are

Figure 7. Estimation of AuNP concentrations in TL and ML after
succussion by ICP-MS. Validation of asymptote formation. 0 =
unsuccussed TL and ML samples and 1c−15c = serial 1:100 dilution
steps. Asymptote formation is observed at the TL (solid black stars)
concentrations. The TL concentrations plateaued between a 20-fold
range of 20−400 ng/mL, which is negligible in comparison to 14
centesimal dilutions (dilution factor of 1028). In the asymptotic curve
beyond 6c, <1% of the total Au is retained and the rest is transferred to
the next dilution. The asymptotic curve indicates a bubble-induced
froth ﬂotation process of nanoparticles forming a monolayer at the
air−liquid interface.

As evident from the graph, the TL concentrations of Au
formed a plateau in a narrow 20-fold concentration range
between 20−400 ng/mL over 14 centesimal dilutions (dilution
factor of 1028) and then decreased to a concentration of 0.103
ng/mL at the 15th dilution. The concentrations measured in
the bulk and in the ML (the concentration retained in the
previous dilution and not carried forward) decreased with
increasing dilution, and beyond 6c dilution, <1% of the total
concentration of Au (Table 1) remained, indicating that almost
the entire quantity of Au particulate matter levitated to the top
of the liquid and was transferred to the subsequent dilution.
However, a few variations were observed in the retained
concentrations from 12c to 15c, pointing toward the extreme
sensitivity of the method in which the dilutions are actually
carried out.
In the actual homeopathic manufacturing process, only 1% of
the previous dilution is transferred to the next dilution step. In
our experiments, the height of the liquid in the container was
approximately 6 cm, meaning that the monolayer of particles
from the 1% of liquid volume would be only the top 0.6 mm of
the liquid surface. The diﬃculty in skimming oﬀ this top 1%
manually and transferring to the next dilution was evident from
the sudden drop in the TL concentrations at certain dilutions,
illustrating the extreme sensitivity of these processes. Such
extreme sensitivity could be responsible for the enormous
variations in starting metal concentrations and asymptote
formation at diﬀerent concentration levels between batches of
H
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material/lactose). The ﬁrst grinding step at potency 1x is
deemed to be complete only when approximately 80% of the
particle sizes of the starting raw material are below 10 μm and
none are above 50 μm in size.16
Our trituration studies highlight the importance of grinding
in nanofraction formation, with lactose playing the indispensible role of a stabilizer, eﬀectively separating the generated
nanoparticles from the larger bulk raw material. Lactose also
prevents the aggregation of these nanoscale particles by
nanocluster formation made up of a few raw material
nanoparticles embedded in a mesh of lactose (Figure 3).
The pulverization also generates extreme pressures resulting
in a rough nanoparticle surface that can eﬀectively entrap air
within the crevices and play a signiﬁcant role in the ensuing
stages. This process is similar to the top-down approach of the
synthesis of nanoparticles.
Step B: Ethanolic Dispersion. After the solid trituration, in
the serial ethanolic dilutions, the larger raw material particles
settle in the container whereas the nanoclusters are dispersed
freely in the medium. The entrapped air within the crevices on
the surface of the particles would still persist. Gas supersaturation is initiated at this stage within the crevices on the
particle surface, resulting in the formation of surface nanobubbles.
Steps C and D: Succussion and Surface Turbulence.
During succussion, the surface turbulence as a result of the
pounding initiates various key mechanisms responsible for the
ﬁnal particle retention.
Mechanism 1: Formation of Nanobubbles Due to Gas
Supersaturation. In addition to the nanobubbles of entrapped
air during the liquid dispersion, the liquid turbulence at impact
creates intense pressures resulting in a higher solubility of gases
in the solvent. The increased amount of dissolved gases
facilitates supersaturation within the surface crevices, resulting
in nanobubble formation at the solid−liquid interface. Once
these nanobubbles frost the nanoparticle surface, they readily
cling to the surface because of their lower ascending velocity
and high surface free energies. Studies on nanobubbles have
shown that they have very long lives,17 at least for a few hours.
The nanobubbles were also found to be very stable because the
pressures inside them were estimated to be equal to the
pressure of the surrounding liquid.18−23
Mechanism 2: Air Bubble Formation Due to Air Entrapment. The extreme turbulence also eﬀectively entraps air from
the container headspace (Figure 4A,B). The liquid vortex
formed at the surface reaches the bottom of the container,
ensuring thorough mixing of the contents. These ﬂotation-sized
entrapped air bubbles rising to the liquid surface are responsible
for the particle retention through subsequent dilutions.
Steps E and F: Formation of the Nanoparticle−Bubble
Complex and Levitation to the Liquid Surface. Here, both
mechanisms converge. Although the surface nanobubbles by
themselves are unable to levitate the particles to the surface
because of their extremely small sizes, the large air bubbles
alone cannot directly attach to the hydrophobic particle
surfaces. In the absence of nanobubbles, the formed complex
has a very small contact angle with low adhesion energy. This
complex is easily disrupted during its ascent as a result of drag
forces, gravitational forces, and the enormous hydrostatic
pressure, resulting in particles remaining in the liquid bulk. The
nanobubbles play a critical role at this point in facilitating the
nanoparticle attachment to the air bubbles with a larger contact
angle, augmenting the adhesion forces. The complex thus

Table 1. Validation of Asymptote Formation: Actual
Measured AuNP Concentrations in ML, the Bulk, and TL
after Succussion by ICP-MSa

dilution

ML
(ng/
mL)

0

18.413

1c

78.684

2c
3c
4c
5c
6c
7c
8c
9c
10c
11c
12c
13c
14c
15c

0.047
0
0
0
0
0
0
0
3.013
0.05
56.415
0
0
0

bulk (B)
(ng/mL)

TL (ng/
mL)

not
analyzed
112
328.246
121.539
15.158
11.057
24.505
13.410
0.378
0
0.467
0
0.734
3.469
0.748
10.433
9.842

15.870

amount
retained in
previous
dilution (%)

361.824

44.80

199.709
179.498
164.755
132.082
114.202
113.698
113.698
113.075
109.058
108.013
28.168
27.171
13.260
0.103

10.12
8.21
19.83
13.53
0.44
0
0.58
3.55
0.96
73.92
3.54
51.20
99.22

amount
transferred to
next dilution
(%)

55.20
89.88
91.79
80.17
86.47
99.56
100.00
99.42
96.45
99.04
26.08
96.46
48.80
0.78

a
0, unsuccussed ML and TL samples; 1c−15c, serial 1:100 dilution
steps. The concentrations for all ML samples (ML0−ML15c), the bulk
(B1c−B15c), and TL (TL0 and TL15c) were directly analyzed. The
values in bold for TL1c−TL14c were back-calculated concentrations
(detailed calculation in Table S2 in the Supporting Information).
Beyond 6c, <1% of the AuNP is retained and the rest is transferred to
the subsequent dilution. The high variation in the percentages of
AuNP's retained and transferred beyond dilution 12c highlights the
sensitivity of the manual process followed in homeopathic
manufacturing. This variation corroborates the enormous interbatch
variations of starting metals obtained in our earlier physicochemical
studies.9

medicine of the same potency and manufacturer as observed in
our physicochemical studies.9
In spite of the variations, the ICP-AES and ICP-MS
experiments have underlined the formation of an asymptote
and also highlighted the importance of various processes
employed in the manufacturing of these extreme dilutions. On
the basis of the results obtained from our experiments, we
postulate a hypothesis of how extreme dilutions reach an
asymptotic state.
Hypothesis of Surface Monolayer Formation and
Retention. On the basis of the results above, we hypothesize
a mechanism of nanoparticle formation and retention,
illustrated in Figure 8, wherein the ﬁrst step (A) generates
nanoparticles from the raw material by the process of grinding
or comminution. The lactose caps the particles during grinding,
whereas bubbles generated in subsequent succussions enable
the ﬂotation of the nanoparticles to the surface. Serial dilution,
which follows, is done by transferring the surface layer, now
enriched with nanoparticles, to the next stage of dilution. This
is repeated for every step; therefore, the concentration of
nanoparticles does not drop below a threshold that is
determined by the surface concentration.
Step A: Solid Trituration with Lactose. During the
manufacturing of these extreme dilutions, the raw materials
are ﬁrst triturated with lactose until the 6x potency is reached
(where ‘x’ indicates decimal dilution with a ratio of 1:9 of raw
I

dx.doi.org/10.1021/la303477s | Langmuir XXXX, XXX, XXX−XXX

Langmuir

Article

Figure 8. Stepwise representation of the surface monolayer hypothesis of particle retention. (A) The starting raw material is ground with lactose in a
mortar. (B) The triturated mixture is dispersed in the solvent. (C) The container is then vigorously pounded (succussed) on a rubber stop. (D)
Succussion results in surface turbulence generating air bubbles in the bulk. (E) The air bubbles attach the nanoparticles through the surface frosting
nanobubbles. (F) The increased adhesion force allows the complex to rise to the liquid surface. (G) At the interface, the bubbles implode, but the
particles remain on the surface, forming a monolayer that is retained through serial dilutions. For representation purposes, hence the bubbles and
nanoparticles are not drawn to scale.
J
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formed can easily rise to the liquid surface without
disrupting.24−26
Step G: Monolayer of Particles on the Surface. Upon
levitating to the surface, the larger air bubbles implode
instantly. However, the particles having reached the air−liquid
interface do not settle or disperse immediately into the liquid
and remain as a monolayer. The above mechanism repeats at
each dilution−succussion step, resulting in the eﬀective
formation and retention of this particle monolayer through
serial dilutions.

CONCLUSIONS
On the basis of the results from our experiments, we have
unequivocally shown that nanoparticles can be concentrated on
the liquid surface in a manner similar to the traditional frothﬂotation process used in the metal ore puriﬁcation of larger
particles. We have demonstrated that lactose during grinding
helped in the formation of nanoclusters, whereas the ensuing
processes such as succussion and sparging producing numerous
large air bubbles aided nanoparticle levitation to the liquid
surface, forming a monolayer that was preserved in the serial
dilutions. We have shown that once the concentration of the
AuNP's reached a threshold of a few ng/mL, further serial
dilutions did not result in a concentration reduction and an
asymptote was formed.
The validated surface monolayer hypothesis that we have
proposed in this article could facilitate our understanding of
these extreme dilutions, especially those used as homeopathic
medicines, and could also help in explaining the presence of a
ﬁnite amount of nanoparticles of the starting materials in
commercial 30c and 200c metal-based homeopathic potencies.
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