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Abstract	
  

Materials,	
  Theory	
  and	
  Proof	
  of	
  Concept	
   Discussion	
  and	
  Future	
  Work	
  
Mul7variate	
  Analysis	
  

Single	
  Wavelength	
  Analysis	
   Isothermal	
  Titra7on	
  Calorimetry	
  
There	
  are	
   increasing	
  reports	
  of	
  pharmaceuRcals	
  detected	
   in	
  aquaRc	
  environments;	
  as	
  
such,	
   the	
   fate	
   of	
   these	
   compounds	
   is	
   of	
   concern	
   to	
  many	
   parRes.	
   	
   The	
   transport	
   of	
  
pharmaceuRcals	
   through	
   the	
   aquaRc	
   environment	
   is	
   governed	
   by	
   various	
   physical	
  
properRes	
   including	
   solubility	
   and	
   interacRons	
   with	
   dissolved	
   organic	
   maWer,	
  
suspended	
   sediments,	
   and	
   colloids.	
   	
   In	
   this	
   study,	
   caffeine	
   is	
   used	
   as	
   a	
   model	
  
compound	
   to	
   study	
   the	
   interacRons	
   between	
   a	
   dissolved	
   pharmaceuRcal	
   and	
   a	
  
nanoparRcle	
   and/or	
   colloid.	
   	
   TradiRonal	
   fate	
   models,	
   that	
   employ	
   octanol-­‐water	
  
parRRon	
   values	
   based	
   on	
   bulk	
   properRes	
   of	
   the	
   adsorbents,	
   have	
   not	
   adequately	
  
described	
   the	
   observed	
   transport	
   behavior	
   of	
   aquaRc	
   solutes	
   between	
   submicron	
  
parRcles	
  and	
  colloids.	
  	
  	
  We	
  present	
  a	
  soluRon-­‐based	
  approach	
  capable	
  of	
  making	
  these	
  
determinaRons.	
   	
   The	
   technique,	
   which	
   based	
   on	
   capillary	
   hydrodynamic	
  
chromatography	
   principles,	
   exploits	
   diffusion	
   coefficient	
   and	
   flow	
   profile	
   differences	
  
between	
  dissolved	
  caffeine	
  and	
  the	
  clay	
  nanoparRcles.	
  	
  A	
  diode	
  array	
  detector	
  captures	
  
a	
  matrix	
   of	
   data	
   as	
   the	
   flow	
   profiles	
   pass	
   through	
   the	
   detector.	
   	
   The	
   different	
   flow	
  
profiles	
  are	
  modeled	
  using	
  mulRvariate	
  curve	
  resoluRon	
  methods	
  in	
  Eigenvector	
  Solo,	
  
and	
   compared	
   to	
   a	
   univariate	
   approach	
   and	
   data	
   collected	
   from	
   isothermal	
   RtraRon	
  
calorimetry.	
   	
   	
  Using	
  Laponite-­‐RD	
  (LRD)	
  as	
  a	
  model	
  nanoparRcle,	
  a	
  binding	
  isotherm	
  of	
  
caffeine	
   between	
   a	
   nanoparRcle	
   system	
   is	
   determined,	
   thus	
   facilitaRng	
   a	
   effecRve	
  
associaRon	
  constant	
  (Keff)	
  determinaRon.	
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•  The	
  peak	
  with	
  a	
  disRnct	
  shoulder	
  on	
  the	
  
blue	
  plot	
  is	
  from	
  caffeine	
  bound	
  to	
  the	
  
surface	
  of	
  the	
  nanoparRcles	
  eluRng	
  
before	
  the	
  bulk	
  caffeine.	
  

•  Overlay	
  of	
  a	
  pure	
  caffeine	
  
chromatograph	
  in	
  red	
  eluRng	
  above	
  the	
  
shoulder	
  of	
  the	
  bulk	
  caffeine	
  in	
  the	
  
mixture.	
  

•  The	
  green	
  LRD	
  flow	
  profile	
  has	
  a	
  small	
  
scaWering	
  absorbance.	
  

•  Benzoate	
  and	
  the	
  nanoparRcle,	
  
used	
  as	
  a	
  control,	
  have	
  no	
  
interacRon	
  due	
  to	
  charge	
  
separaRon	
  and	
  the	
  disRnct	
  
shoulder	
  is	
  missing	
  from	
  the	
  
mixture	
  flow	
  profile.	
  

Tortuous Path for a particle
to m igrate through a film
of Laponite crystals

Particle or macromolecule

Laponite film

!

Like many other colloidal materials,
Laponite is a natural film former.
However, the unusual shape of the

Laponite crystal, combined w ith its
anionic nature, enables Laponite to
produce films which have useful
properties:
• conductive/antistatic
• barrier 

• antiblocking

A film of Laponite can be cast onto
paper simply from a dispersion of

Laponite sol grade in water.
Standard coating techniques such

as metering bar, dip coating or

flexogrphic printing are all suitable.
Addition of an emulsion resin
binder - for example, polyurethane,
acrylic, vinyl acetate or many other

types w ill enable the preparation of

coating m ixes for a w ide range of

substrates, including;
• polymeric films, extrudates and

mouldings:
polypropylene

polyethylene

polycarbonate
polyester

acrylic
ABS

PVC

• glass

• paper

• metal
• wood

By selecting an appropriate binder

and wetting agent system it is
possible to produce coatings of

Laponite which are clear, highly
flexible and moisture resistant.

These unique properties are used to
advantage in many applications:
• conductive layer in electrographic 

and speciality antistatic paper 

grades

• absorbent ink receiving coatings 

for ink jet printing

• inert barriers in x-ray and 

photographic film 

• barrier sizing of speciality papers 

• paper and polymer antistatic 

packaging for food and electrical 
components. 

Recom mended grades are 

Laponite JS, Laponite S482 and

Laponite SL25. For scale up to pilot
trials or machine trials, you are

invited to contact Rockwood for

technical support.

How Laponite works as an

antistatic agent

When coated onto a substrate,
Laponite conducts electricity using

two separate mechanisms.

1. Electronic
The Laponite coating forms a

continuous interlinked and

overlapping film of electrically
charged particles. This mechanism is
not affected by changes in relative

hum idity (RH). (Figure 1)

2. Ionic
Free moisture - a Laponite film w ill
typically absorb up to 15% free

moisture at 50% RH. This is
associated as water of hydration of

the ions w ithin the Laponite crystal
structure. Some of this water is lost
at very low hum idity.

Structural water - Laponite
contains approximately 8% by

mass of water which is
chem ically absorbed into the

crystal structure and may only
be released at temperatures

above 150ºC.

Electrical charge may be

conducted through this
concentrated ionic solution.

Depending upon coat weight applied

and the substrate, Laponite can be

used to produce coatings w ith
surface resistivity in the range 

106 - 1012 ohms/square.

Benefits of Laponite compared

with polymeric resins:
• The conductivity of Laponite 

coatings is affected less by 

changes in relative hum idity. 
Polymeric resins operate as 

antistatic agents by dissipating

electrical charge via physically
absorbed water molecules. This
water is rapidly removed as 

relative hum idity falls, resulting in 

a significant loss in conductivity.
• Laponite coatings are not easily

redissolved and are suitable for

overcoating w ith aqueous or

solvent based coatings.
• Laponite coatings are dry and 

non tacky to the touch and are

suitable surfaces for writing,
printing or for use w ith water or

solvent based adhesives.
• Because Laponite is inorganic, its

films do not discolour w ith ageing 

or heating.

Barrier properties
It has been estimated that Laponite
has a physical surface area of over

900m2.g-1. The unusual combination

of particle size and shape of the

Laponite crystal allows it to be used

as a barrier form ing substance, both
in a film and in dispersion w ithin a

medium .

In dispersion in a liquid or gel
medium , Laponite particles can

provide a structured system which

can prevent or reduce the rate of the

movement of species between

different phases. This effect can be

used to develop greatly improved

stability in many “2-in-1” type

products such as:

• striped toothpaste
• water based multicolour paint
• multilayer films

A film of Laponite can prevent
m igration of macromolecules or

colloidal particles between two

layers by providing a tortuous path
for the species to travel through.

Laponite as a film forming agent
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Figure 1. Plan of Laponite coating

Single Laponite crystal

Substrate
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Barrier properties

0.92nm

!

!

!

!

25nm

!+
!+

!+

!+

!+

Caffeine	
  

•  The	
  large	
  size	
  difference	
  between	
  caffeine	
  
(0.7nm)	
  and	
  the	
  nanoparRcles	
  (25nm)	
  allows	
  
for	
  a	
  hydrodynamic	
  separaRon	
  when	
  a	
  laminar	
  
flow	
  is	
  produced	
  from	
  HPLC	
  pumps.	
  

•  LRD	
  weakly	
  scaWers	
  at	
  272nm	
  where	
  caffeine	
  
has	
  a	
  high	
  exRncRon	
  coefficient.	
  	
  Using	
  capillary	
  
hydrodynamic	
  separaRon	
  (CHC)	
  a	
  peak	
  with	
  a	
  
disRnct	
  shoulder	
  is	
  seen	
  when	
  the	
  analyte	
  
bound	
  to	
  the	
  nanoparRcle	
  surface	
  elutes	
  before	
  
the	
  bulk	
  analyte.	
  

LRD	
  is	
  a	
  syntheRc	
  clay	
  
nanoparRcle	
  25nm	
  in	
  

diameter	
  with	
  a	
  negaRve	
  
surface	
  charge	
  and	
  posiRve	
  

charges	
  on	
  the	
  edge.	
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I n	
   an	
   un i va r i a te	
   approach	
   to	
  
determining	
   caffeine-­‐LRD	
   associaRon	
  
constants	
   it	
   is	
   criRcal	
   there	
   is	
   not	
   a	
  
change	
  in	
  the	
  molar	
  absorpRvity	
  of	
  the	
  
complex	
   compared	
   to	
   the	
   free	
   eluRng	
  
caffeine.	
  	
  The	
  Uv-­‐Vis	
  spectra	
  of	
  caffeine	
  
and	
  LRD	
  ensures	
   there	
   is	
  not	
  a	
  change	
  
in	
  molar	
  absorpRvity	
  at	
  272	
  nm.	
  

•  Two	
  exponenRally	
  modified	
  Gaussians	
  (EMG)	
  are	
  used	
  to	
  fit	
  the	
  
deconvoluted	
  flow	
  profiles	
  using	
  Origin	
  Pro	
  8.0	
  sofware.	
  

•  An	
  iniRal	
  Rme	
  constraint	
  is	
  given	
  to	
  the	
  pure	
  analyte	
  profile	
  shown	
  in	
  
blue	
  dots.	
  

•  The	
  summed	
  EMG	
  (orange)	
  are	
  in	
  good	
  agreement	
  with	
  the	
  actual	
  flow	
  
profile	
  (blue	
  dashes).	
  	
  

•  MulRple	
  trails	
  were	
  run	
  by	
  varying	
  the	
  analyte	
  concentraRon	
  and	
  
keeping	
  the	
  LRD	
  concentraRon	
  constant	
  while	
  detecRng	
  at	
  272nm.	
  

•  An	
  associaRon	
  isotherm	
  plot	
  is	
  created	
  through	
  mass	
  balance	
  
calculaRons	
  from	
  the	
  EMG	
  areas	
  and	
  a	
  concentraRon	
  calibraRon	
  curve	
  
of	
  caffeine.	
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Using	
   the	
   mulRcurve	
   resoluRon	
   (MCR)	
   algorithm	
   in	
   Eigenvector	
  
Solo,	
   pure	
   concentraRon	
   flow	
   profiles	
   are	
   found	
   with	
   minimal	
  
assumpRons	
   of	
   the	
   experimental	
   condiRons.	
   In	
   mulRvariate	
  
analysis	
  the	
  assumpRon	
  there	
  is	
  not	
  a	
  change	
  in	
  molar	
  absorpRvity	
  
of	
  the	
  caffeine-­‐LRD	
  complex	
  from	
  the	
  pure	
  caffeine	
  spectra	
  is	
  not	
  
made	
  as	
  it	
  was	
  with	
  the	
  single	
  wavelength	
  method.	
  	
  A	
  diode	
  array	
  
detector	
   (DAD)	
   captures	
   an	
   enRre	
  matrix	
   of	
   data	
   as	
   the	
   solutes	
  
pass	
   through	
   the	
   detector	
   capturing	
   the	
   absorbance	
   from	
  
200-­‐500nm.	
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With	
   the	
   MCR	
   algorithm	
   in	
   Eigenvector	
   Solo,	
  
the	
   sofware	
   was	
   constrained	
   to	
   2	
   principle	
  
components	
   (PC).	
   	
   The	
   scores	
   and	
   loadings	
  
from	
   each	
   respecRve	
   PC	
   are	
   used	
   to	
   obtain	
   a	
  
pure	
   eluRon	
   profile	
   of	
   each	
   component	
   in	
  
soluRon	
  as	
  shown	
  below.	
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  2	
  

Pure	
  Elu7on	
  Profile	
  of	
  PC	
  1	
  &	
  PC	
  2	
   Mul7variate	
  Caffeine-­‐LRD	
  Binding	
  Isotherm	
  

IntegraRng	
  the	
  peak	
  area	
  of	
  the	
  
pure	
   eluRon	
   profiles	
   of	
   PC	
   1,	
  
caffeine	
  bound	
  to	
  LRD,	
  and	
  PC	
  2,	
  
free	
  eluRng	
  caffeine,	
  and	
  afer	
  a	
  
subtracRon	
   from	
   LRD	
   scaWering	
  
a	
   caffeine	
   LRD	
   associaRon	
  
isotherm	
  is	
  created.	
  The	
  slope	
  of	
  
the	
   isotherm	
   is	
   equal	
   to	
   the	
  
associaRon	
   constant	
   of	
   caffeine	
  
to	
  LRD.	
  

Isotermal	
   RtraRon	
   calorimetry	
   (ITC)	
   is	
   being	
   used	
   to	
  
independently	
   determine	
   the	
   magnitude	
   of	
   the	
   binding	
  
interacRons	
   between	
   LDR	
   and	
   caffeine.	
   The	
   change	
   in	
   heat	
  
from	
   nanoparRcle-­‐solute	
   interacRons	
   are	
   ploWed	
   against	
  
injecRon	
   volume	
   and	
   the	
   curve	
   is	
   fiWed	
   to	
   the	
   binding	
  
isotherm	
  equaRon	
  in	
  the	
  Nano	
  Analyze	
  ITC	
  program.	
  	
  With	
  ITC	
  
assumpRons	
   and	
   approximaRons	
   are	
   made.	
   The	
   heat	
   being	
  
evolved	
  during	
  the	
  RtraRon	
  of	
  caffeine	
  into	
  a	
  LRD	
  soluRon	
  is	
  a	
  
funcRon	
   of	
   mulRple	
   interacRons;	
   such	
   as	
   caffeine-­‐LRD,	
   LRD-­‐
LRD	
   and	
   LRD-­‐water	
   interacRons.	
   	
   A	
   preliminary	
   RtraRon	
   is	
  
shown	
  on	
  the	
  right.	
   	
  Both	
  soluRons	
  were	
  buffered	
  to	
  a	
  pH	
  of	
  
10	
   with	
   sodium	
   carbonate	
   to	
   avoid	
   protonaRon	
   and	
  
deprotonaRon	
   of	
   water.	
   Finng	
   the	
   slope	
   to	
   a	
   binding	
  
isotherm	
   equaRon	
   is	
   suspect	
   at	
   this	
   stage	
   due	
   to	
   the	
  
uncertainty	
   of	
   binding	
   locaRons	
   and	
   byproduct	
   interacRons,	
  
therefore	
   the	
   Keff	
   value	
   obtained	
   cannot	
   be	
   relied	
   upon.	
  	
  
These	
  limitaRons	
  are	
  a	
  due	
  to	
  ITC	
  assumpRons	
  and	
  results	
  in	
  a	
  
difficulty	
   in	
   determining	
   binding	
   constants	
   of	
   nanomaterials;	
  
further	
  highlighRng	
  the	
  power	
  of	
  our	
  apparatus.	
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We	
  present	
   a	
  novel	
  method	
   for	
  determining	
  associaRon	
   constants	
  between	
  nanoparRcles	
   and	
   solutes.	
  	
  
ConvenRonal	
   methods	
   for	
   determining	
   parRcle-­‐solute	
   interacRons	
   fail	
   with	
   nanomaterials	
   because	
   of	
  
their	
   small	
   size	
   and	
   physical	
   properRes.	
   	
   Our	
   apparatus	
   can	
   probe	
   nanoparRcle	
   surface	
   interacRons	
  
rapidly,	
  on	
  the	
  orders	
  of	
  minutes,	
  and	
  with	
  the	
  use	
  of	
  mulRvariate	
  sofware	
  such	
  as	
  MCR	
  in	
  Eigenvector	
  
Solo,	
  pure	
  eluRon	
  profiles	
  of	
  solutes	
  associated	
  with	
  nanoparRcle	
  surfaces	
  are	
  found	
  in	
  a	
  complex	
  matrix	
  
of	
  data.	
  MCR	
  is	
  a	
  powerful	
  data	
  analysis	
  technique	
  because	
  assumpRons	
  of	
  the	
  system	
  are	
  minimal	
  and	
  
limited	
   to	
  constraining	
   the	
  number	
  of	
   independent	
  species	
  present	
   in	
  soluRon.	
   	
  Analysis	
  using	
  a	
  single	
  
wavelength	
   assumes	
   there	
   is	
   not	
   a	
   change	
   in	
   the	
  molar	
   absorpRvity	
   of	
   the	
   solute	
   associated	
  with	
   the	
  
nanoparRcle	
   compared	
   to	
   the	
   free	
   solute.	
   	
   In	
   addiRon,	
   deconvoluRon	
   of	
   the	
   flow	
   profiles	
  with	
   single	
  
wavelength	
  detecRon	
  uses	
  algorithms	
  where	
  assumpRons	
  of	
  the	
  peak	
  shape	
  and	
  eluRon	
  Rme	
  of	
  the	
  two	
  
species	
  are	
  needed.	
   	
   In	
   ITC	
  analysis	
  of	
  nanoparRcle-­‐solute	
   interacRons	
  assumpRons	
  are	
  also	
  made	
  that	
  
may	
  not	
  be	
  valid	
  and	
  accurate.	
  	
  
	
  
	
  A	
  summary	
  of	
  caffeine-­‐LRD	
  associaRon	
  constants	
  from	
  single	
  wavelength	
  and	
  MCR	
  analysis	
  are	
  displayed	
  
in	
   the	
  table	
  below	
  as	
  well	
  as	
  a	
  comparison	
  of	
  caffeine	
  bound	
  to	
  sodium	
  montmorillonite,	
  a	
  macro-­‐clay	
  
parRcle,	
  by	
  bulk	
  isotherm	
  experiments.	
  
	
  

	
  Keff	
  (L/Kg)	
  ±	
  (Standard	
  DeviaRon	
  of	
  Linear	
  Regression)	
  
MCR	
   	
  430	
  ±	
  50	
  

Single	
  Wavelength2	
   140	
  ±	
  10	
  
Sodium	
  Montmorillonite3	
   290	
  ±	
  2	
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Future	
  work	
  will	
   apply	
  MCR	
   to	
  more	
   complex	
   solute-­‐LRD	
   systems	
  and	
  we	
  are	
  presently	
  expanding	
   the	
  
system	
  to	
  other	
  nanoparRcles	
  and	
  proteins	
  where	
  associaRon	
  or	
  binding	
  constants	
  are	
  known	
  for	
  further	
  
verificaRon	
  of	
   our	
  method	
   and	
   apparatus.	
   The	
  use	
  of	
   other	
  mulRvariate	
   analysis	
   techniques,	
   including	
  
mulR-­‐way	
  analysis,	
  will	
  also	
  be	
  used	
  to	
  deconvolute	
  the	
  flow	
  profiles.	
   	
  The	
  Keff	
  values	
  reported	
  here	
  are	
  
preliminary,	
  and	
  we	
  anRcipate	
  the	
  use	
  of	
  mulR-­‐way	
  analysis	
  techniques	
  will	
  provide	
  further	
  insight	
  into	
  
these	
  complex	
  systems	
  and	
  give	
  beWer	
  predicRons	
  of	
  values.	
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