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The	
   manuscript	
   from	
   C.	
   Crosby	
   and	
   J.	
   Bailey	
   entitled	
   “An	
   economical	
   apparatus	
   for	
   the	
   observation	
   and	
   harvesting	
   of	
  

mineral	
  precipitation	
  experiments	
  with	
   light	
  microscopy”	
  provides	
  a	
  brief	
   introduction	
   to	
  a	
  novel	
   apparatus	
  designed	
   to	
  

enable	
   time-­‐resolved	
   imaging	
   of	
   mineral	
   precipitate	
   formation.	
   The	
   supplement	
   to	
   the	
   manuscript	
   provides	
   brief	
  

instructions	
   on	
   the	
   construction	
   of	
   the	
   apparatus,	
   and	
   should	
   be	
   sufficient	
   for	
   replication	
   of	
   the	
   design.	
   While	
   the	
  

manuscript	
  discusses	
  the	
  utility	
  of	
  this	
  apparatus	
  for	
  microscopic	
  imaging,	
  it	
  unfortunately	
  lacks	
  any	
  photomicrographs	
  of	
  15 

mineral	
  formation,	
  making	
  the	
  objective	
  assessment	
  of	
  the	
  conclusions	
  challenging,	
  even	
  in	
  the	
  scope	
  of	
  this	
  brief	
  technical	
  

note.	
   The	
   figures	
   provided	
   are	
   useful,	
   but	
   of	
   very	
   low	
   resolution	
   as	
   supplied	
   for	
   review.	
  Higher	
   resolution	
   is	
   necessary,	
  

particularly	
  for	
  figure	
  1E.	
  

The figures will be supplied in higher resolution for final draft (see response to Reviewer #02 for Figure 1E at higher 
resolution.) [replaced low-rez version with a high-rez version in the newly named Figure 1 – revised] 20 

While	
  the	
  manuscript	
  is	
  well	
  written	
  and	
  supported	
  by	
  its	
  cited	
  references,	
  I	
  do	
  not	
  believe	
  it	
  can	
  be	
  accepted	
  without	
  the	
  

demonstration	
  of	
  functionality,	
  perhaps	
  by	
  the	
  inclusion	
  of	
  photomicrographs	
  in	
  the	
  supplemental	
  information.	
  

The following images and caption will be added to the SI. [Added at end of SI as Figure S2.] 

 

Figure A2: Photomicrographs of a complex object that precipitated in the diffusion gel of the described apparatus. 25 
Image taken on an Olympus IX inverted microscope with DP73 camera. Left image is overview of the precipitated 
object (scale bar = 100 um.) Internal details shown at right (scale bar = 20 um.) 
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This	
   is	
  a	
  useful	
  effort	
  and	
   it	
  would	
  be	
  valuable	
  contribution	
   to	
   the	
   literature.	
  However,	
   some	
  details	
  and	
  other	
  additions	
  

would	
  improve	
  its	
  impact	
  for	
  the	
  reader.	
  

	
  15 

Page	
  2	
  A	
  reference	
  to	
  add	
  to	
  or	
  replace	
  the	
  Tomson	
  and	
  Nancollas	
  reference	
  is:	
  Morse,	
  J.	
  W.	
  "Dissolution	
  kinetics	
  of	
  calcium	
  

carbonate	
  in	
  sea	
  water;	
  III,	
  a	
  new	
  method	
  for	
  the	
  study	
  of	
  carbonate	
  reaction	
  kinetics."	
  American	
  Journal	
  of	
  Science	
  274.2	
  

(1974):	
  97-­‐107.	
  Morse	
  was	
  the	
  first	
  to	
  propose	
  this	
  method.	
  

We	
  will	
  add	
  this	
  important	
  reference	
  to	
  the	
  final	
  draft,	
  as	
  well	
  as	
  the	
  one	
  suggested	
  below:	
  
[Added	
  at	
  (new)	
  p2,	
  line	
  10]	
  20 

Another	
   reference	
   to	
   add	
  about	
  precipitating	
   a	
  mineral	
  within	
   an	
   extracellular	
  matrix	
  by	
  diffusion	
   is	
  Hunter,	
  G.	
  K.,	
   et	
   al.	
  

"Inhibition	
  of	
  hydroxyapatite	
  formation	
  in	
  collagen	
  gels	
  by	
  chondroitin	
  sulphate."	
  Biochemical	
  Journal	
  228.2	
  (1985):	
  463-­‐

469.	
  

      [Added - see p2, line 16]	
  

	
  25 

For	
  the	
  paragraph	
  that	
  begins	
  on	
  line	
  20,	
  it	
  would	
  be	
  useful	
  to	
  break	
  this	
  down	
  into	
  at	
  least	
  two	
  sentences.	
  

Agreed	
  –	
  will	
  do	
  so	
  in	
  final	
  draft.	
  
[Reworded	
  -­‐	
  see	
  p2,	
  lines	
  17-­‐20]	
  

Line	
  25,	
  consider	
  replacing	
  "flow"	
  with	
  "diffusion"	
  

Yes	
  –	
  good	
  catch.	
  Thanks.	
  30 
[Done	
  –	
  see	
  p2,	
  line	
  22]	
  

Page	
  3	
  Line	
  5:	
  It	
  might	
  also	
  be	
  worth	
  pointing	
  out	
  in	
  some	
  more	
  detail	
  in	
  your	
  text	
  that	
  the	
  Silverman	
  article	
  reviews	
  many	
  

diffusion	
  studies	
  within	
  different	
  extracellular	
  matrices	
  with	
  the	
  goal	
  of	
  studying	
  biomineralization.	
  

Will	
  add:	
  “Silverman	
  and	
  Boskey	
  utilized	
  the	
  DD	
  method	
  to	
  compare	
  a	
  variety	
  of	
  extracellular	
  matrices	
  in	
  HAP	
  
biomineralization,	
  as	
  relevant	
  to	
  our	
  understanding	
  of	
  physiologic	
  	
  HAP	
  precipitation	
  affected	
  by	
  a	
  variety	
  of	
  proteins	
  35 
(Silverman	
  &	
  Boskey,	
  2004.)	
  



 2 

[Added	
  language	
  to	
  incorporate	
  this	
  information	
  –	
  see	
  p3,	
  lines	
  7-­‐10]	
  

Line	
  12:	
  Some	
  more	
  experimental	
  details	
  about	
  the	
  setup,	
  for	
  example	
  some	
  solution	
  concentrations	
  and	
  diffusion	
  times	
  

with	
  your	
  setup,	
  would	
  be	
  very	
  helpful	
  for	
  the	
  reader.	
  

Will	
  refer	
  reader	
  to	
  SI	
  for	
  additional	
  info	
  on	
  solution	
  concentrations	
  and	
  diffusion	
  times.	
  
[Added	
  –	
  see	
  p3,	
  lines	
  15,	
  16	
  and	
  p3,	
  line	
  29]	
  5 

To	
  be	
  added	
  to	
  SI:	
  	
  
Apparatus	
  diffusion	
  gel	
  material	
  and	
  solution	
  concentrations	
  can	
  be	
  altered	
  as	
  required	
  for	
  different	
  experiments,	
  but	
  
the	
  conditions	
  under	
  which	
  this	
  apparatus	
  was	
  developed,	
  and	
  those	
  used	
  to	
  produce	
  figure	
  1E,	
  are	
  as	
  follows:	
  	
  
•	
  gelatin:	
  type	
  A,	
  1	
  g/10mL	
  water,	
  pH	
  ~4	
  
•	
  cation	
  solution:	
  0.133	
  M	
  Ca2+:	
  CaCl2•2H2O,	
  pH	
  ~8	
  10 
•	
  anion	
  solution:	
  0.08	
  M	
  (PO4)3–,	
  NaHPO4,	
  pH	
  ~8	
  
•	
  anion	
  solution:	
  0.027	
  M	
  F–,	
  KF•2H2O,	
  pH	
  ~8	
  
	
  
Nascent	
  precipitation	
  observed	
  within	
  ~30	
  hours.	
  
[This	
  information	
  was	
  added	
  at	
  the	
  beginning	
  of	
  the	
  SI,	
  lines	
  5	
  -­‐	
  11]	
  15 

Line	
  19:	
  The	
  example	
  given	
  for	
  dissolving	
  gelatine	
  is	
  quite	
  aggressive;	
  contact	
  with	
  hot	
  water	
  may	
  alter	
  the	
  minerals	
  and/or	
  

their	
  precursors	
  generated	
  by	
  the	
  experiment.	
  The	
  statement	
  that	
  other	
  gel	
  materials	
  will	
  require	
  different	
  treatments	
  is	
  

quite	
  general;	
  perhaps	
  a	
  statement	
  suggesting	
  that	
  extracellular	
  matrix	
  removal	
  methods	
  must	
  also	
  consider	
  the	
  stability	
  of	
  

the	
  precipitation	
  products	
  would	
  be	
  more	
  helpful.	
  

The	
  primary	
  intent	
  of	
  this	
  manuscript	
  is	
  to	
  describe	
  a	
  protocol	
  and	
  apparatus	
  for	
  microscopic	
  observation	
  of	
  mineral	
  20 
precipitation	
  over	
  time.	
  It	
  is	
  intended	
  that	
  experimental	
  details	
  will	
  represent	
  conditions	
  as	
  desired	
  by	
  the	
  
experimenter.	
  The	
  conditions	
  under	
  which	
  this	
  apparatus	
  was	
  developed	
  are	
  given	
  in	
  the	
  opening	
  note	
  of	
  the	
  SI.	
  In	
  
particular,	
  gelatin	
  was	
  chosen	
  as	
  a	
  diffusion	
  gel	
  because	
  its	
  gel	
  is	
  transparent	
  and	
  amenable	
  to	
  optical	
  observation	
  and	
  
imaging,	
  and	
  because	
  it	
  is	
  soluble	
  in	
  hot	
  water.	
  For	
  work	
  in	
  which	
  a	
  different	
  diffusion	
  material	
  is	
  to	
  be	
  used,	
  if	
  
extraction	
  of	
  precipitates	
  is	
  desired	
  it	
  will	
  be	
  important	
  to	
  consider	
  both	
  the	
  solubility	
  requirements	
  of	
  the	
  diffusion	
  25 
material	
  and	
  the	
  stability	
  of	
  precipitates	
  and	
  precursor	
  molecules	
  under	
  whichever	
  extraction	
  method	
  is	
  required.	
  
[The	
  ‘notes’	
  section	
  at	
  the	
  start	
  of	
  Supplement	
  C	
  has	
  been	
  revised	
  to	
  include	
  this	
  information]	
  

Line	
  21:	
  The	
  discussion	
  about	
  sealing	
  strategies	
  would	
  benefit	
  from	
  more	
  details.	
  For	
  example,	
  describing	
  a	
  strategy	
  with	
  

which	
  you	
  found	
  success	
  would	
  be	
  useful.	
  

Will	
  add:	
  “A	
  great	
  deal	
  of	
  trial	
  and	
  error	
  went	
  into	
  this	
  protocol,	
  the	
  results	
  of	
  which	
  are	
  incorporated	
  into	
  the	
  SI	
  step-­‐30 
by-­‐step	
  protocol.	
  Please	
  see	
  SI	
  for	
  details	
  of	
  sealing	
  method	
  and	
  precautions	
  (§	
  ‘Add	
  small	
  cover	
  slip,’	
  ‘Add	
  setup	
  block,’	
  
‘Add	
  ion	
  solutions,	
  seal	
  side	
  bores.’)”	
  
[Added	
  –	
  see	
  p3,	
  lines	
  27-­‐29]	
  

Line	
  29:	
  Please	
  define	
  "thinner"	
  for	
  the	
  reader,	
  or	
  provide	
  example	
  values.	
  

Will	
  replace	
  beginning	
  of	
  sentence	
  with	
  “In	
  the	
  assembly	
  being	
  described,	
  the	
  thickness	
  of	
  the	
  gel	
  is	
  determined	
  by	
  the	
  35 
spacer	
  used	
  in	
  forming	
  the	
  adaptor,	
  as	
  shown	
  in	
  SI	
  Figure	
  A1,	
  in	
  which	
  a	
  square	
  cover	
  slip	
  is	
  used	
  to	
  create	
  the	
  adaptor	
  
inset	
  into	
  which	
  the	
  diffusion	
  gel	
  will	
  be	
  added.”	
  
[The	
  language	
  at	
  this	
  point	
  was	
  changed	
  to	
  incorporate	
  the	
  above	
  –	
  see	
  p4,	
  lines	
  9-­‐10]	
  

Page	
  4	
  Lines	
  1-­‐5:	
  Providing	
  the	
  details	
  of	
  an	
  experiment,	
  such	
  as	
  how	
  the	
  ECM	
  was	
  set	
  up	
  and	
  inserted	
  into	
  the	
  cell,	
  what	
  its	
  

solution	
  composition	
  was,	
  and	
  what	
  the	
  solution	
  compositions	
  were	
  for	
  the	
  other	
  solutions	
  would	
  help	
  the	
  reader	
  to	
  begin	
  40 
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testing	
  this	
  method	
  with	
  a	
  system	
  that	
  should	
  provide	
  initially	
  positive	
  results.	
  

Insertion	
  of	
  the	
  diffusion	
  gel	
  is	
  described	
  in	
  SI	
  (§	
  ‘Mix	
  gel’	
  and	
  ‘add	
  gel.’)	
  
[No	
  changes	
  made	
  to	
  existing	
  text]	
  
Solution	
  details	
  will	
  be	
  added	
  to	
  SI,	
  as	
  noted	
  in	
  above	
  comment.	
  	
  
[Added	
  to	
  beginning	
  of	
  SI]	
  5 

Line	
  11:	
  Please	
  explain	
  how	
  the	
  needles	
  and	
  syringes	
  are	
  used	
  in	
  more	
  detail.	
  Must	
  the	
  user	
  remove	
  the	
  source	
  solutions	
  

and	
  then	
  replace	
  them	
  with	
  the	
  next	
  solutions?	
  Can	
  the	
  use	
  of	
  a	
  needle	
  and	
  syringe	
  change	
  the	
  fluid	
  dynamics	
  appreciably	
  

for	
  your	
  system?	
  

Will	
  add	
  descriptive	
  text:	
  “Addition	
  to	
  and/or	
  removal	
  and	
  replacement	
  initial	
  solution	
  can	
  be	
  done	
  under	
  sterile	
  
conditions	
  in	
  a	
  biological	
  hood	
  as	
  follows:	
  Using	
  a	
  sterilized	
  blade,	
  carefully	
  cut	
  away	
  the	
  sealing	
  material	
  over	
  one	
  of	
  10 
the	
  solution	
  wells.	
  Use	
  a	
  sterile	
  needle	
  and	
  syringe	
  to	
  remove	
  the	
  original	
  solution	
  and	
  a	
  different	
  sterile	
  needle	
  and	
  
syringe	
  to	
  introduce	
  a	
  new	
  solution.	
  Reseal	
  with	
  Tegaderm™	
  or	
  similar	
  sterile	
  material,	
  and	
  seal	
  against	
  evaporation	
  
with	
  clear	
  watertight	
  tape	
  as	
  described	
  in	
  SI	
  §	
  ‘Add	
  ion	
  solutions,	
  seal	
  side	
  bores’.	
  
[A	
  new	
  section	
  ‘Changing	
  ion	
  solutions	
  mid-­‐experiment’	
  was	
  added	
  to	
  the	
  SI	
  –	
  see	
  SI	
  p5,	
  lines	
  8-­‐13]	
  

Figure	
  1d)	
  The	
  assembly	
  detail	
  could	
  be	
  more	
  clear.	
  The	
  different	
  stages	
  of	
  assembly,	
  to	
  the	
  point	
  of	
  adding	
  the	
  ECM	
  and	
  15 

solutions	
  of	
  interest,	
  would	
  be	
  helpful	
  for	
  the	
  reader	
  to	
  repeat	
  your	
  method.	
  

We	
  feel	
  that	
  this	
  is	
  well	
  described	
  in	
  the	
  assembly	
  steps	
  of	
  the	
  SI.	
  Please	
  indicate	
  steps	
  which	
  would	
  benefit	
  by	
  added	
  
description.	
  
[We	
  made	
  no	
  changes]	
  

Figure	
  1e)	
  The	
  scale	
  of	
  this	
  image	
  is	
  not	
  adequate	
  for	
  observing	
  the	
  Liesegang	
  banding	
  easily.	
  Consider	
  including	
  an	
  inset	
  20 

with	
  a	
  higher	
  magnification.	
  

Final	
  manuscript	
  will	
  include	
  a	
  higher	
  resolution	
  image	
  (see	
  image,	
  below.)	
  	
  
[Replaced	
  low-­‐rez	
  version	
  with	
  a	
  high-­‐rez	
  version	
  in	
  the	
  newly	
  named	
  “Figure	
  1	
  –	
  revised”]	
  

	
  

	
  25 
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Question:	
   Do	
   thinner	
   gels	
   heat	
  more	
   rapidly	
   from	
   the	
   light	
   source?	
   Is	
   there	
   a	
  method	
   for	
  monitoring	
   this	
   temperature	
  

change,	
  and/or	
  variation	
  within	
  the	
  cell?	
  

Will	
  add	
  (page	
  4,	
  ~line	
  9)	
  “Extra	
  care	
  will	
  need	
  to	
  be	
  taken	
  when	
  imaging	
  the	
  apparatus	
  for	
  low	
  temperature	
  
experiments,	
  as	
  the	
  gel	
  may	
  be	
  heated	
  by	
  the	
  light	
  source.	
  In	
  this	
  case,	
  preliminary	
  tests	
  with	
  the	
  microscope	
  are	
  
strongly	
  advised	
  to	
  determine	
  the	
  degree	
  to	
  which	
  this	
  may	
  occur,	
  and	
  methods	
  for	
  ameliorating	
  it	
  (such	
  as	
  blowing	
  5 
cooled	
  air	
  between	
  the	
  light	
  source	
  and	
  apparatus.)	
  Nominal	
  monitoring	
  of	
  gel	
  temperature	
  might	
  be	
  possible	
  by	
  
measuring	
  the	
  temperature	
  of	
  the	
  two	
  coverslips	
  by	
  remote	
  sensing.	
  Such	
  as	
  may	
  be	
  obtained	
  by	
  an	
  infrared	
  digital	
  
laser	
  thermometer.	
  	
  
[Added	
  -­‐	
  see	
  p2,	
  lines	
  27-­‐31]	
  

	
  10 
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Technical note:  
An economical apparatus for the observation and harvesting of mineral precipitation 

experiments with light microscopy 
 
Chris H. Crosby1, Jake V. Bailey1 5 
1Department of Earth Sciences, University of Minnesota–Twin Cities, Minneapolis, 55455, USA 

Correspondence to: Chris H. Crosby (crosb118@umn.edu) 

Abstract. We describe a small-scale reusable and low-cost double diffusion setup that allows microscopic observation over 

time for use in mineral precipitation experiments that use organic polymers as a matrix. The setup uniquely accommodates 

changes in solution chemistry during the course of an experiment, and facilitates easy harvesting of the precipitates for 10 

subsequent analysis. 

 

Keywords: Mineral precipitation; 4D imaging; microscopy 

1 Introduction 

Investigations into the influence of organic materials and microbes on authigenic mineral precipitation has transformed our 15 

understanding of geosphere/biosphere interactions and improved our understanding of taphonomic process that allow for the 

preservation of biological remains. The ability to observe nucleation, precipitation and growth over time can provide insight 

into these processes. However, observation and imaging over the course of an experiment, as well as post-experimental 

analysis, place strict requirements on the experimental setup, including the following: 

1)  The setup must provide an approaching flux of counter-ions while simultaneously slowing diffusion sufficiently to avoid 20 
the instantaneous precipitation that would inhibit further crystal growth. 

2)  To enable microscopic observation over time, the setup must fit a microscope stage during the course of an experiment. 
The diffusion gel within which precipitation proceeds must be transparent to the imaging wavelength, and, for 
undistorted optical imaging, the region/material of interest should be housed within a planar (not tubular) transparent 
housing.  25 

3)  For post-experimental analysis of precipitates, the setup must allow harvesting of the materials of interest, which may be 
both precipitates and various nucleation substrates of interest. 

4)  Both biological and abiological processes are sensitive to changes in ambient conditions, including temperature, redox 
conditions and chemistry. The ability to change these conditions expands the usefulness of the apparatus, allowing 
exploration of increasingly refined and focused questions. 30 
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Here, we describe a reusable, small scale and low-cost Double Diffusion (DD) apparatus that satisfies these requirements 

and requires only small diffusion gel volumes – a significant advantage when the gel material is expensive or consists of 

low-volume microbially-produced polymeric substances. The apparatus allows detailed observation of progressive 

precipitation in situ, an example of which can be seen in Fig. S2 of the Supplementary File. 

2 Background 5 

A variety of physical setups have been used for decades by chemists investigating mineral precipitation kinetics and are 

generally one of three types: The Single Diffusion (SD) method, in which an ion-containing gel is overlain with a solution of 

counter-ions that diffuse into the gel; the Double Diffusion (DD) method, in which solutions of constituent ions are separated 

by a diffusion gel and into which the ions pass and ultimately meet (Becker et al., 2003); and the Constant Composition (CC) 

method (Morse, 1974; Tomson and Nancollas, 1978). As the name indicates, the CC method holds the ionic strength of 10 

constituent ions constant and allows sensitive observation of the impact of factors other than ionic strength. But for exploring 

systems relevant to essentially confined environmental systems – such as sediment pores or spaces constrained within 

polymeric matrices such as those found in sediment or under stromatolitic growth conditions – a diffusion setup is arguably 

more likely to reflect dynamic in situ conditions, where precipitation leads to falling ion concentrations over time. Hence, 

diffusion setups are suitable for, and have been used in, studies of biologically mediated precipitation (Becker et al., 2003; 15 

Emerson et al., 1994; Hunter et al., 1985).  

The DD setup described herein is the result of many iterations and refinements of a setup similar to that described by Kniep 

et al. (Busch et al., 1999; Kniep and Busch, 1996). It resembles that of Emerson et al., designed to observe the responses of 

motile microbes to distinct gradients (Emerson et al., 1994) but differs in that this apparatus immobilizes biological material 

as counter-ions meet across the immobilized biological material.  20 

In this system, the gel functions to both: 1) slow precipitation by retarding ion flow rates, and 2) serve as a proxy for 

microbially-produced polymeric substances, such as EPS (microbial extracellular polymeric substances), a matrix that is 

ubiquitous in microbial mats and biofilms. Considering the diffusion gel as the primary organic matrix, this setup will also 

accommodate “secondary organics” such as distinct EPS strands or pellets of microbial culture which can be immobilized by 

slight heat fixation/adherence to the bottom cover slip of the assembly before addition of the diffusion gel. Staining of 25 

secondary organics may also be accommodated. It is small and easily handled and fits unobtrusively in a laboratory 

refrigerator for low temperature experiments. However extra care will need to be taken when imaging low temperature 

experiments, as the gel may be heated by the light source. In this case, preliminary tests with the microscope are strongly 

advised to determine the degree to which this may occur, and methods for ameliorating it (such as blowing cooled air 

between the light source and this apparatus.) Nominal monitoring of gel temperature might be possible by measuring the 30 

temperature of the two coverslips by remote sensing, such as may be obtained by an infrared digital laser thermometer. 
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Experiment goals will dictate protocol details. For instance, after adhering a marine culture, gentle rinsing may be required 

to remove NaCl precipitates or growth media if their presence would interfere with the goal of the experiment. 

A variety of polymeric substances are available for use, including lab standard polymers such as gelatin and agar, or custom 

organic substrates such as lab-grown extracellular polymeric substances (EPS). The characteristics of each polymer are 

unique, most significantly in the nature and location of their charge balances – a discussion of which can be found in Kniep 5 

et al. (Kniep and Simon, 2007) – and solubility (Whistler, 1973). The reader is referred to the book “Microbial Extracellular 

Polymeric Substances” (Wingender et al., 1999) for discussion of EPS, and to Silverman & Boskey for a discussion of 

different polymers and the utility of DD setups in studying biomineralization. They also describe a constant composition DD 

method comparing different proteins introduced into a gelatin matrix to illustrate their effects on calcium-phosphate 

biomineralization (Silverman and Boskey, 2004). 10 

3 Apparatus  

3.1 Apparatus description 

The active precipitation area of this setup is a thin diffusion gel, ~1 mm thick, sandwiched between a long coverslip and a 

square coverslip, into which ions are introduced from solution chambers via small channels leading into the gel (Fig. 1). 

Table 1 lists the required components. The setup block and adaptor/spacer can be easily made in-house. Detailed directions 15 

and solution concentrations suitable for reproducing our initial experiments can be found in Supplementary Information. The 

purchasable components of the setup are readily available.  

3.2 Apparatus design considerations 

The setup described here was designed with a coverslip bottom to allow use in an inverted microscope. Before constructing 

the setup, take into consideration the microscope that will be used and adjust dimensions as needed. For instance, an upright 20 

scope with objective lenses in a rotating turret may require a design with longer channels on either side of the centre bore to 

avoid contact between the setup and the objective lenses. 

If the precipitates are to be harvested from the diffusion gel for additional analysis, the solubility of the diffusion gel material 

should be taken into account. Gelatin is easily removed by repeated applications of hot water. Other gel materials are likely 

to require different treatments. 25 

The success of this apparatus requires seals adequate to preclude leakage and evaporation and keep the ion solutions from 

bypassing the diffusion gel and mixing prematurely. A great deal of trial and error went into this protocol, the results of 

which are incorporated into the SI step-by-step protocol. Please see SI for details of the sealing method and precautions (§ 

“Add small cover slip,” § “Add setup block,” § “Add ion solutions, seal side bores.”) Assembly requires practice to achieve 

a full seal. Experimental details can be found in the SI file. 30 
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4 Experimental results – an example 

Our interest in developing this apparatus and protocol stemmed from our exploration of the influence of organics on the 

precipitation of calcium phosphates (apatite and its precursor phases.) We designed the apparatus to replicate conditions that 

might be present under primarily confining conditions such as within the microbial EPS of growing stromatolites or 

sediment pore spaces. 5 

Early iterations of the apparatus with 3/8-inch gel depths formed a thick opaque cloud of precipitates, precluding optical 

microscopic imaging of precipitate details. In the assembly being described, the thickness of the gel is determined by the 

spacer used in forming the adaptor/spacer, as shown in SI Fig. S1, in which a square cover slip is used to create the spacer 

inset into which the diffusion gel is added. This “thinner” gel thickness allows details of the development and maturation of 

the precipitation cloud that had been hidden in the deeper gels to be revealed. A similar initially diffuse precipitation cloud 10 

forms, but then develops into a much more pronounced band with distinct boundaries before dividing into a number of 

discrete bands (Liesegang bands) as shown in Fig. 1e. The phenomenon and dynamics of Liesegang banding remains an area 

of active research (Antal et al., 1999; Stern, 1954; Tripathi et al., 2015) and imaging and analysis of these separating 

Liesegang bands have shown differences in the size and morphology of the small constituent precipitates. 

5 Conclusion 15 

The features of this apparatus make it a versatile instrument for experiments in which microscopic observation of the 

precipitation process is desired. It is small and easily handled and fits unobtrusively in a laboratory refrigerator for low 

temperature experiments. It requires only small amounts of diffusion gel and can accommodate secondary organics of 

interest. Experiments can be designed with any desired counter-ion solutions – the solution chemistry, pH and Eh of which 

can be changed mid-experiment by needle and syringe. When utilized in conjunction with time-lapse microscopy, this 20 

apparatus provides an efficient and economical opportunity to observe and document mineral precipitation throughout the 

process. 

 

Author contributions: JVB contributed initial experimental goal. CHC developed the apparatus and protocol. CHC & JVB 

wrote the paper. 25 

Competing interests: The authors report no competing interests. 

Disclaimers: None 

 

Acknowledgements 

ESEM imaging and EDS analysis not described herein but utilized in the development of the setup and protocol was 30 

performed at the LacCore (National Lacustrine Core Facility), Department of Earth Sciences, University of Minnesota–Twin 

Cities (UMN). LacCore is funded by NSF and UMN. Portions of this work were funded by NSF grants #3002-1113-

Chris Crosby� 3/17/2017 3/17/17 7:59 PM
Deleted: In these redesigned

Chris Crosby� 3/17/2017 3/17/17 8:00 PM
Deleted: versions, however,

Chris Crosby� 3/17/2017 3/17/17 8:00 PM
Deleted: were revealed 35 

Chris Crosby� 3/17/2017 3/17/17 8:03 PM
Deleted: it 



 5 

00019448 and  #EAR-1057119 to JVB, and a UMN Graduate School Fellowship, Doctoral Dissertation Fellowship, and 

Department of Earth Sciences Fellowships to CHC. The assistance of Mark Griffith, Elizabeth Ricci, Beverly Chiu, Erica 

Sheline and Peter Schroedl is gratefully acknowledged.  

References 

Antal, T., Droz, M., Magnin, J. and Rácz, Z.: Formation of Liesegang patterns: A spinodal decomposition scenario, Phys. 5 
Rev. Lett., 83, 2880–2883, doi:http://dx.doi.org/10.1103/PhysRevLett.83.2880, 1999. 

Becker, A., Becker, W., Marxen, J. C. and Epple, M.: In-vitro crystallization of calcium carbonate in the presence of 
biological additives – Comparison of the ammonium carbonate method with double-diffusion techniques, J. Inorg. Gen. 
Chem. Inorg. Gen. Chem., 629, 2305–2311, doi:10.1002/zaac.200300229, 2003. 

Busch, S., Dolhaine, H., Duchesne, A., Heinz, S., Hochrein, O., Laeri, F., Podebrad, O., Vietze, U., Weiland, T. and Kniep, 10 
R.: Biomimetic morphogenesis of fluorapatite-gelatin composites: Fractal growth, the question of intrinsic electric fields, 
core/shell assemblies, hollow spheres and reorganization of denatured collagen, Eur. J. Inorg. Chem., 1643–1653, 1999. 

Emerson, D., Worden, R. M. and Breznak, J. A.: A diffusion gradient chamber for studying microbial behavior and 
separating microorganisms, Appl. Environ. Microbiol., 60(4), 1269–1278, doi:0099-2240/94, 1994. 

Hunter, G. K., Allen, B. L., Grynpas, M. D. and Cheng, P.-T.: Inhibition of hydroxyapatite formation in collagen gels by 15 
chondroitin sulphate, Biochem. J., 228, 463–469, 1985. 

Kniep, R. and Busch, S.: Biomimetic growth and self-assembly of fluorapatite aggregates by diffusion into denatured 
collagen matrices, Angew. Chemie (International Ed. English), 108(22), 2623–2626, 1996. 

Kniep, R. and Simon, P.: Fluorapatite-gelatine-nanocomposites: Self-organized morphogenesis, real structure and relations 
to natural hard materials, Top. Curr. Chem., 270(July 2006), 73–125, doi:10.1007/128, 2007. 20 

Morse, J. W.: Dissolution kinetics of calcium carbonate in sea water: III, a new method for the study of carbonate reaction 
kinetics, Am. J. Sci., 274(2), 97–107, 1974. 

Silverman, L. and Boskey, A. L.: Diffusion systems for evaluation of biomineralization, Calcif. Tissue Int., 75(6), 494–501, 
doi:10.1007/s00223-004-0019-y, 2004. 

Stern, K. H.: The Liesegang phenomenon, Chem. Rev., 79–99, 1954. 25 
Tomson, M. B. and Nancollas, G. H.: Mineralization Kinetics: A constant composition approach, Science (80-. )., 

200(4345), 1059–1060, 1978. 
Tripathi, A., Srivastava, G. ji, Srivastava, S. and Das, I.: Liesegang patterns, growth kinetics, inhibition and dissolution of 

calcium phosphate: A constituent of renal stone, Chem. Biol. Lett., 2(2), 30–40, 2015. 
Whistler, R. L.: Solubility of polysaccharides and their behavior in solution, in Carbohydrates in Solution, edited by H. S. 30 

Isbell, pp. 242–255, American Chemical Society, Washington, D. C., 1973. 
Wingender, J., Neu, T. R. and Flemming, H.-C., Eds.: Microbial Extracellular Polymeric Substances – Characterization, 

Structure and Function, Springer-Verlag, Berlin., 1999. 
 
  35 

Chris Crosby� 3/17/2017 3/17/17 8:12 PM
Formatted: Indent: Left:  0", Hanging: 
0.2", Line spacing:  exactly 13 pt



 6 

Table 1 

Setup components 
Component material dimensions      

Long coverslip glass 24 x 60 mm 

Square coverslip glass 18 mm square 5 

Setup block plastic or glass ~ 26 x ~ 62 mm (thickness: ~3/8 inch or as preferred) 

Adaptor/spacer silicone epoxy ~ 26 x ~ 62 mm (thickness: standard glass slide) 

Assembly material sterile bandaging * > 24 x 60 mm 

Assembly material clear tape ¾-inch 

Assembly material Vaseline/lanolin       10 

Table 1: Dimensions of the setup block and adaptor/spacer should be slightly narrower and shorter than the long coverslip.  

*Half of a 2-3/8 x 2-3/4-inch 3M Nexcare™ Tegaderm™ bandage, or similar, works well where sterility is desired, but its adhesive 
surface is designed to allow the escape of moisture. Clear watertight tape will seal it from evaporative loss. The bandage/tape plies 
can be punctured by needle for exchange of solutions during experimentation and resealed. 

 15 

 

 

 

 

 20 
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Figure 1: Specifications and assembly of unit. (a) Setup block diagram and specifications; (b) Adaptor/spacer diagram; (c) 
Exploded view showing assembly order; (d) Assembled setup, isometric view; (e) A version of a live setup, viewed from above and 
showing Liesegang banding. 5 
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Diffusion gel material and solution concentrations can be altered as required for different experiments, but the conditions 

under which this apparatus was developed, and those used to produce figure 1E, are as follows:  

❑ gelatin: type A, 1 g/10mL water, pH ~4 
❑ cation solution: 0.133 M Ca2+: CaCl2•2H2O, pH ~8 5 
❑ anion solution: 0.08 M (PO4)3–, NaHPO4, pH ~8 
❑ anion solution: 0.027 M F–, KF•2H2O, pH ~8 
 
Nascent precipitation is observed within ~30 hours. 
 10 
 

Supplement A: Setup block & adaptor construction 

Note: The width and length of the setup block and adaptor/spacer should be slightly smaller than the long coverslip. The 

dimensions shown in Fig. 1 assume a standard long coverslip size of 24 x 60 mm. The bore diameter should be ~3–4 mm 

less than a side of the square coverslip. The bore size shown in Fig. 1 assumes an 18 x 18 mm square coverslip. Revise the 15 

dimensions as required to accommodate differently sized cover slips. 

 
Setup block 
Machine the setup block as indicated in Fig. 1a. 

 20 
Adaptor/spacer 
material needed 
❑ two clear, rigid flat surfaces (“sheets”) such as 8 x 10 inch acrylic or glass sheets 
❑ two microscope slides (of same thickness) 
❑ one square coverslip 25 
❑ silicone epoxy molding material (Castin’Craft® EasyMold silicone putty, or similar)  
❑ cutting blade, such as an X-acto® blade or similar 
❑ hole punch, 5/8-inch (Recollections™, or similar) 
 
Molding procedure 30 
❑ Position a square coverslip and two slides on one of the sheets as shown in Fig. S1a. The slides will serve as spacers to set 

the thickness of the adaptor/spacer and their positioning isn’t critical, but they should be at least ~ 40 mm apart. The 
square coverslip will form an indent in the adaptor to accept a square coverslip in the assembled unit. 

❑ Mix a small volume of silicone epoxy, per instructions. 
❑ Form the epoxy into a cylinder and gently press it over the coverslip between the slides, avoiding air bubbles under the 35 

epoxy. 
❑ Place the second sheet on the epoxy and press the epoxy into a sheet the thickness of the slides, again observing to avoid 

air bubbles between the sheets and the epoxy. 
❑ Allow epoxy to set, per instructions. 
❑ Remove the top sheet, pick up the molded epoxy and carefully remove the square coverslip. 40 
❑ Put the epoxy, indentation side up, back on the sheet and cut out a slot, as shown in Fig. S1b(a) 
❑ Insert a piece of paper into the hole punch as far as it will go without bending, and punch a hole in it Fig. S1b(b). 
❑ Mark off the distance from the center of the hole to the feed-edge of the paper. 
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❑ Mark off the distance from the center of the hole to the feed-edge of the paper. 
❑ Trim one length of the adaptor/spacer so that when it has been fully inserted into the punch a hole will be punched directly 

in the center of the indent as shown in Fig. S1b(c). 5 
❑ Insert the adaptor/spacer into the hole punch, aligned side-to-side so that the hole will be punched in the center of the 

indentation Fig. S1b(d). (Practice positioning a sheet of paper in the hole punch before punching the adaptor.) 
❑ Trim the adaptor to the size of the setup block Fig. S1b(e). 
❑ Check the position of the hole and slot by holding it against a setup block. 

Supplement B: Preassembly preparation 10 

Addition of secondary organics 
❑ Secondary organic material (an organic substrate other than the gel material) can be immobilized before assembly of the 

setup. Place the material in the center of the long coverslip and immobilize/adhere it by allowing it to air dry or quickly 
passing it over a flame. Rinse as needed to remove media precipitates. Staining of organics may also be accommodated. 

 15 
Focusing aids (optional) 
❑ Holding a square cover slip securely against a flat surface, carefully scribe a small ‘L’ extending from the middle of one 

side. Rinse off glass scrapings. The combined position and direction of the L will indicate which side is up – the scribed 
surface will be positioned against the gel and can be used to locate the ‘top’ surface of the gel layer under the microscope. 

❑ Scribe another ‘L’ in the long cover slip parallel to the length, ~5-6 mm from the edge to indicate the ‘bottom’ outer 20 
surface of the gel layer. Rinse off glass scrapings. In the finished setup, these two scribe marks should overlap near the 
outer area of the gel, with the scribed surfaces both in contact with the gel surface. 
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Supplement C: Assembling and activating the apparatus 

Note: The steps listed here assume the use of gelatine as the primary organic polymer (the diffusion gel.) In developing this 

apparatus and protocol, gelatin was chosen as a diffusion gel because its gel is transparent and amenable to optical 

observation and imaging, and because it is soluble in hot water. It is intended that experimental details will represent 

conditions as desired by the experimenter, such as use of a different diffusion polymer. For work in which a different 5 

diffusion material is to be used, if extraction of precipitates is desired it will be important to consider both the solubility 

requirements of the diffusion material and the stability of precipitates and precursor molecules under whichever extraction 

method is required.  

Ion solutions can be changed mid-experiment to alter solution chemistry, pH, Eh, etc. as desired. Addition to and/or 

removal and replacement of the initial ion solution(s) can be done under sterile conditions in a biological hood (see  10 

§ “Changing ion solutions mid-experiment,” below.) 

Some of these assembly steps are labelled “skill steps.” Best results are attained with practice before attempting to 

assemble and activate a live setup. Components are joined by a layer of Vaseline™. If Vaseline doesn’t stand up to your 

handling, thicken it by adding small amounts of paraffin and lanolin and melting them together. Paraffin will cause the 

mixture to set more solidly, but too much paraffin may cause it to set so quickly that you will have to work fast, and may 15 

make the material brittle and more prone to fracture during experiment handling. Alternatively, a dab of candle wax applied 

to each end of the assembly (Fig. 1d) can immobilize the setup block–adaptor–long cover slip assembly. 

 

Materials required for assembly (assumes gelatin as primary polymer) 
❑ setup components 20 
❑ suction tool, such as a Model Pal™ Suction Handling Tool, or similar 
❑ hot plate with magnetic stir capacity 
❑ small stir bar 
❑ 70% ethanol in a small container for sterilizing various parts and tools 
❑ small beaker for mixing gelatin 25 
❑ gelatin powder 
❑ ≥ 10 mL sterile water, for gelatin 
❑ Vaseline® 
❑ 2 of: 2 x 3-inch glass slide, or similar 
❑ 3 of: 3 mL syringes with needles 30 
❑ disposable pipette 
❑ pointed tweezers 
❑ sharp small blade 
❑ fine metal probe 
❑ cation solution, pH adjusted as needed 35 
❑ anion solution, pH adjusted as needed 
❑ small candle 
❑ ~10 mL sterile water, for testing watertightness 

 

 40 
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Initial steps: mix gel  [Assumes gelatin as diffusion gel. Revise as needed for a different gel.] 
❑ Before turning the hot plate on, clean its surface, sterilize it with 70% ethanol and allow it to dry. 
❑ Place the tweezers tip, probe tip, coverslips, two 2 x 3-inch slides, an adaptor/spacer & setup block in a small container of 

70% ethanol to sterilize them. 
❑ Turn hot plate to ~30C. 5 
❑ In a small beaker, heat nanopure water for gel. 
❑ Measure out gel powder, add to heated nanopure water, add small stir bar and mix. 
❑ Dip the suction tool tip into the ethanol to sterilize it and use it to transfer the square coverslip, adaptor/spacer & setup 

block to the hot plate. Move the 2 x 3-inch slides to the bench top, and place the long coverslip on one of them. 
❑ Wipe a thin even layer of Vaseline® onto bottom (flat) surface of the adaptor/spacer. 10 
❑ Center the adaptor onto the long coverslip and press them together. 
❑ Verify the seal by the appearance of the adapter material against the long coverslip. Air bubbles should look lighter or 

darker than well sealed areas and should be avoided where they could allow leakage. 
❑ Check the mixing gel and slow the stir rod to release any air bubbles entrained in it. 
❑ Remove the tweezers from the ethanol to dry. 15 
 
Add gel [skill step] 
❑ Apply Vaseline along the edges of the recessed portion of the adaptor/spacer, avoiding the channels and the gel. 
❑ [skill step] Pull ~1 mL of gel into one of the syringes, minimizing entrained air bubbles (pull the syringe plunger slowly, 

release the plunger and allow it to stop moving before removing the needle tip from the gel.) 20 
❑ [skill step] Extrude a small volume of gel into the center bore to a slight convex meniscus. 
❑ Immediately remove bubbles from the gel as needed, using the tweezers in a horizontal ‘cutting’ motion to pick up and 

remove bubbles. 
 

Add small cover slip 25 
❑ Check that the Vaseline along the edges of the recessed portion hasn’t been rubbed off. 
❑ [skill step] Use the suction tool to pick up the square coverslip and press it over the gel and into the recessed portion of the 

adaptor/spacer. The gel should fill the volume beneath the square coverslip and a small volume of gel should push out the 
adaptor/spacer channels.  

❑ Check that the square coverslip is sealed against the Vaseline® on the adaptor. 30 
❑ [skill step] Verify that the channels are both clear of Vaseline®. If needed, use a fine probe to clear them of any Vaseline®. 

Gel in the channels is OK. 
 
Add setup block 
❑ Apply a layer of Vaseline® onto the bottom of the setup block. 35 
❑ [skill step] Place the setup block on the assembly. Apply downward pressure (only) as needed to get a complete seal 

(sideward pressure will cause the components to slip out of alignment.) See that seal is complete and neither cover slip has 
broken. 

❑ To stabilize the long coverslip against the setup block when it is handled, light a candle and place a small drop of wax on 
the setup block side of each end of the long coverslip where it meets the setup block (Fig. 1d).  40 

❑ Gently remove any extraneous Vaseline® from the exterior and place the unit on a clean surface. 
 
Add ion solutions, seal side bores 
❑ Pipette sterile water into one of the side bores, wait and watch that no water leaks out of the unit or into the other bore. If 

there is leakage, repair the seal or start over. Once confident that there is no leakage pour the water out and dry the unit. 45 
❑ Repeat for other side. 
❑ Add ion solutions to the side bores and label them. 
❑ Wick off any water on the setup block exterior. 
❑ Cut a section of sterile bandage material, leaving the backing paper on. If using 2-3/8 x 2-3/4-inch 3M Nexcare™ 

Tegaderm™, cut it lengthwise and set one of the halves aside. 50 
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❑ Remove the backing, stretch the bandage across the top of the three bores and press it onto the setup block to seal. 
❑ Scotch Tape™ (or similar) across the length of the bandage to preclude evaporation through the bandage material. 
❑ Use a small sharp blade to cut the tape+Tegaderm™ away from the center bore. 
❑ Recheck all seals.  
❑ The setup is now activated. Label the setup and place it on a paper towel or similar to detect leakages. 5 
❑ Image as desired, handling carefully so as not to break the Vaseline® seals. 
 
 

Supplement D: Harvesting procedure 

Note: Once the gel is exposed to air it will begin to harden, and chipping gel off coverslips may break them into slivers. The 10 

gel can be kept soft in cool water. When cutting portions of gel away from the coverslip, place the coverslip against a firm 

flat surface.  

Materials needed 
❑ thin X-acto™ blade or similar 
❑ dissecting microscope 15 
❑ container for waste ion solutions 
❑ small container of cool DI water 
❑ small squeeze bottle of DI water 
❑ beaker of hot DI water 
❑ small (~5–25 µL) pipet and tips 20 
❑ prepared SEM stubs or similar for follow-up analysis and/or imaging 
 
Procedure 
❑ Open/remove the tape over the ion solutions and pour them into a disposal container. 
❑ Working over a catch tray, separate the long coverslip from the adaptor/spacer by gently sliding a thin X-acto™ blade 25 

between them and applying a slight twisting pressure against the long coverslip. It should bend a bit and allow the seal to 
break. Hold the unit so it reflects overhead light to see where the seal is broken – it will be lighter than the intact seal. 

❑ Using the same procedure, remove the adaptor/spacer from the setup block. Only the square coverslip and gel plug should 
remain attached to adaptor/spacer. Leaving the gel plug attached to the cover slip will make it easier to handle. Place them 
on a firm even surface, such as the stage of a dissecting microscope.  30 

❑ Cut away portions of interest and place on two-sided carbon tape on an SEM stub or similar. 
❑ Rinse gel off the precipitates by repeatedly pipetting small amounts of hot water onto the harvested precipitates, letting the 

gel melt, and then removing the melted gel + water. Repeat as needed to assure removal of gel from precipitates. 
❑  For gels with smaller or more numerous precipitates: Placed the gel plug in an epitube of hot water, immerse it in a hot 

water bath, shake it gently and hold it vertically in the hot water bath to allow precipitates to settle. Slowly remove 35 
supernatant by pipette. Repeat as needed to assure removal of gel from precipitates. Remove the final, rinsed precipitates 
+ bottom rinse water from the epitube by pipette and place on a carbon-taped stub. Let the water evaporate and further 
rinse the precipitates on the stub as described above. 
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Figure S1: Forming the adaptor/spacer. (a) Adaptor moulding layout; (b) Cutting sequence for finishing the adaptor. 
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Legend
1: microscope slides
2: square cover slip
3: adaptor epoxy
dashed box: adaptor outline

(a) Adaptor  
      moulding layout

(b) 

1 1

2

3

[e]
trim to 
size of 
setup 
block

[d]
insert adapter into 
hole puncher and 

punch hole

 [b]
insert a piece of paper into 
the hole punch as far as it 
will go without bending,
 punch a hole in
 it and measure
 the distance from
 center of hole to
 the feed-edge of
 the paper

          [c]
      trim one length of
      the adaptor so a hole
     will be punched in the
    center of the indent
  with the adaptor fully 
inserted into the punch

[a]
cut slit ~2 mm 

wide down center 
of indent, extend 
slit ends past the 
cover slip indent

Chris Crosby� 3/17/2017 3/17/17 8:44 PM
Deleted: Figure S1: Procedure for forming 
the adapto
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Figure S2: Photomicrographs of a complex object that precipitated 
in the diffusion gel of the described apparatus. Image taken on an 
Olympus IX inverted microscope with DP73 camera. Left image is 
overview of the precipitated object (scale bar = 100 um.) Internal 
details shown below (scale bar = 20 um.) 
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