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Abstract	  

We	  report	  a	  simple	  and	  highly	  versatile	  system	  to	  select	  and	  weigh	  individual	  

dry	  biological	  particles.	  The	  system	  is	  composed	  of	  a	  microtweezer	  to	  pick	  and	  place	  

individual	  particles	  and	  a	  cantilever-‐based	  resonator	  to	  weigh	  them.	  The	  system	  can	  

weigh	  entities	  that	  vary	  from	  a	  red	  blood	  cell	  (~10-‐11	  g)	  to	  the	  eye-‐brain	  complex	  of	  

an	   insect	   (~10-‐6	   g),	   covering	   a	   5	   order-‐of-‐magnitude	   mass	   range.	   Due	   to	   its	  

versatility	   and	   ease-‐of-‐use,	   this	   weighing	   method	   is	   highly	   compatible	   with	  

established	   laboratory	   practices.	   The	   system	   can	   provide	   complementary	   mass	  

information	   for	   a	   wide	   variety	   of	   individual	   particles	   imaged	   using	   scanning	  

electron	   microscopy;	   determine	   comparative	   weights	   of	   individual	   biological	  

entities	  that	  are	  attached	  to	  microparticles;	  as	  well	  as	  weigh	  fractions	  of	  individual	  

biological	  entities	  that	  have	  been	  subjected	  to	  focused	  ion	  beam	  milling.	  	  

Introduction	  

Measuring	   the	   dry	   mass	   of	   entities	   has	   sparked	   great	   interest	   because	   this	  

simple	   physical	   property	   can	   provide	   unique	   insight	   into	   many	   fields	   including	  

biology,	  pathology,	  and	  ecology.	  For	  example,	  studies	  showed	  that	   the	  dry	  mass	  of	  

individual	   yeasts	   could	  be	  used	   as	   an	   effective	  way	   to	   study	   the	   synthesis	   of	   new	  

cellular	   material	   during	   cell	   growth.1,	   2	   Researchers	   also	   used	   the	   dry	   mass	   to	  

monitor	  the	  growth	  of	  cells,3,	  4	  as	  well	  as	  demonstrating	  the	  change	  of	  cell	  mass	   in	  

response	  to	  chemicals.5,	  6	  In	  several	  studies	  of	  environmental	  biology	  and	  ecology,	  it	  
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was	   demonstrated	   that	   the	   mass	   of	   airborne	   pollens	   can	   be	   correlated	   with	   the	  

pollen	   transportation	   and	   gene	   flow.7-‐9	   The	  dry	  mass	   of	  microorganisms	  was	   also	  

used	  to	  determine	  the	  metabolic	  rate	  that	  represented	  the	  energy	  needed	  to	  sustain	  

life.10-‐12	  

Several	  approaches	  regarding	   the	  measurement	  of	   the	  dry	  mass	  of	  biological	  

microparticles	  have	  been	  reported.	  It	  has	  been	  shown	  that	  the	  dry	  mass	  of	  bacteria	  

can	   be	   estimated	   by	   using	   their	   carbon	   content13	   or	   electron	   opacity	   values	  

determined	  by	   electron	  microscopy.14	  Optical	   interferometry	  methods	   4,	  15-‐19	  were	  

also	  used	  to	  observe	  temporal	  changes	  in	  the	  dry	  mass	  of	  live	  cells.	  	  However,	  to	  use	  

methods	   that	   do	   not	   directly	   weigh	   particles,	   assumptions	   about	   their	   optical	   or	  

material	  properties	  have	  to	  be	  made.	  In	  addition,	  the	  measurement	  accuracy	  can	  be	  

affected	  by	  experimental	  conditions	  such	  as	  debris	  in	  fluid18	  or	  speckle	  generated	  by	  

the	   illumination	   sources4.	   Researchers	   have	   used	   nanomechanical	   resonance	   to	  

demonstrate	   characterization	   of	   cells	   in	   terms	   of	   their	   mass18,	   20-‐22.	   The	   Manalis	  

Group	   used	   the	   suspended	   micro	   channel	   resonators	   (SMR)	   to	   estimate	   the	   dry	  

mass	  of	  cells	  in	  suspensions	  that	  flow	  through	  the	  interior	  channels	  of	  a	  microfluidic	  

structure23,	  24.	   Here	  we	   report	   a	   systematic	   approach	   to	   directly	  measure	   the	   dry	  

mass	  of	  individually	  selected	  biological	  microparticles	  over	  a	  5	  order	  of	  magnitude	  

dynamic	  range	  from	  30	  pg	  to	  2.4	  μg.	  

Cells	   and	   microorganisms	   are	   often	   dried	   to	   obtain	   scanning	   electron	  

microscopic	   (SEM)	   images.	   With	   proper	   fixation	   and	   drying	   procedures,25	   the	  

geometries	   and	   interior	   structures	   of	   dried	   samples	   can	   be	   preserved	   and	   be	  

recognized	  under	  an	  electron	  microscope.	  Several	  studies	  report	  using	  the	  electron	  

microscope	   to	   conduct	   pathological	   or	  morphological	   analyses	   of	   dried	   biological	  

microparticles	   including	   cancer	   cells,26	  Drosophila	   embryos,27,	  28	   erythrocytes,29,	  30	  

and	   pancreatic	   islets.31-‐34	   In	   addition	   to	   SEM	   imaging,	   drying	   procedures	   are	   also	  

used	   in	   conjunction	   with	   other	   procedures	   and	   tests	   such	   as	   focused	   ion	   beam	  

milling,35	  microorganism	  preservation,36	  and	  mass	  spectrometry.37	  With	  the	  method	  

we	   present	   here,	   the	   mass	   of	   a	   wide	   variety	   of	   dried	   biological	   particles	   can	   be	  
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directly	   and	   individually	   measured,	   and	   be	   readily	   used	   to	   complement	   their	  

morphological,	  structural	  or	  chemical	  properties.	  	  	  	  	  

The	   weighing	   system	   comprises	   a	   micromanipulator	   and	   a	   cantilever-‐based	  

resonator.	  Under	  a	  microscope,	  a	  chosen	  micro	  entity	  can	  readily	  be	  picked	  up	  by	  

the	  micromanipulator	  and	  placed	  onto	  the	  sensor	  arm	  of	  a	  resonator	   for	  weighing	  

(Fig.	  1a).38	  Once	  the	  target	  microparticle	  is	  located	  on	  the	  tip	  of	  the	  cantilever,	  the	  

resulting	   change	   in	   the	   resonance	   frequency	   of	   the	   loaded	   cantilever	   is	   observed.	  

This	   change	   in	   resonance	   frequency	   reveals	   the	   mass	   of	   the	   loaded	   entity.39	   The	  

advantage	   of	   the	   system	   is	   the	   ability	   to	   pick-‐and-‐weigh	   an	   individually	   selected	  

particle	  (whose	  size	  can	  range	  from	  5	  μm	  to	  200	  μm),	  as	  opposed	  to	  relying	  on	  the	  

random	   adsorption	   of	   a	   number	   of	   particles	   onto	   a	   sensor	   surface.	   This	   report	  

presents	  the	  weighing	  of	  a	  wide	  variety	  of	  microparticles	  ranging	  from	  single	  cells	  to	  

the	  eye-‐brain	  complex	  of	  larval	  Drosophilae.	  

Materials	  and	  methods	  

A.	  Measurement	  principle	  	  

In	   a	   previous	   study,	   we	   demonstrated	   that	   the	   micromanipulator,	   which	   is	  

composed	  of	  an	  elastically	  deformable	  silicon	  tweezer	  structure	  and	  a	  micrometer	  

head	  for	  manual	  actuation,	  was	  able	  to	  grab	  microparticles	  and	  position	  or	  arrange	  

them	   into	   patterns	   and	   structures.38	   We	   also	   demonstrated	   preliminary	  

experiments	   in	   placing	   individual	   particles	   on	   resonating	   cantilever	   surfaces	   for	  

weighing.39	   The	   dual	   cantilever	   design	   of	   our	   micro-‐resonator	   enables	   two	  

simultaneous	  weight	  measurements.	  Often	  times	  one	  of	  the	  cantilevers	  serves	  as	  a	  

reference	   to	   test	   the	  operation	  of	   the	   system	   (before	   an	   experiment)	  using	   a	   load	  

with	   a	   known	  mass.	   The	   reference	   cantilever	   can	   also	   serve	   to	   account	   for	   small	  

disturbances	   that	  may	  affect	  both	   cantilevers.39	  A	  piezoelectric	   actuator	   (Thorlabs	  

AE0203D04F)	   is	  used	   to	  drive	   the	   resonators.	  A	   laser	  beam	   (Newport	  R-‐30091,	  5	  

mW)	  is	  used	  to	  illuminate	  the	  interdigitated	  fingers	  between	  the	  two	  cantilevers	  to	  

generate	  a	  reflective	  diffraction	  pattern.	  The	  resonance	  frequency	  of	  each	  cantilever	  

is	   obtained	   in	   a	   single	   measurement	   by	   observing	   the	   intensity	   of	   the	   0th	   order	  
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reflected	  diffraction	  mode	  that	  changes	   in	  accordance	  with	   the	  deflection	  between	  

the	  two	  cantilevers.40	  

The	  cantilevers	  are	  250	  µm	  in	  length,	  500	  nm	  in	  thickness,	  and	  50	  and	  60	  µm	  

in	  width	  at	  the	  base,	  and	  the	  tip	  respectively.	  The	  interdigitated	  fingers	  are	  50	  µm	  in	  

length	   and	  5	   µm	   in	  width	  with	   3	   µm	   spacing	   between	   each	   finger	   (Fig.	   1a).	   Each	  

cantilever	   is	   constructed	   by	   a	   480	   nm	   thick	   silicon-‐rich	   silicon	   nitride	   layer	  

deposited	  with	  a	  20	  nm	  thick	  gold	  thin	  film.	  We	  estimate	  the	  effective	  density	  of	  the	  

cantilever	   to	   be	   3.65	   g	   cm-‐3	   by	   considering	   the	   thicknesses	   and	   densities	   of	   gold	  

(19.3	  g	  cm-‐3)41	  and	  silicon	  nitride	  (3	  g	  cm-‐3).42	  The	  Young’s	  modulus	  of	  the	  cantilever	  

is	  determined	  to	  be	  170	  GPa	  by	  matching	  the	  measured	  resonance	  frequency	  with	  

that	  obtained	  by	  a	  finite	  element	  simulation.	  	  

It	   is	  known	  that	  the	  resonance	  frequency	  of	  a	  cantilever	  depends	  not	  only	  on	  

the	  mass	  of	  the	  load	  but	  also	  on	  the	  location	  of	  the	  load	  with	  respect	  to	  the	  tip	  of	  the	  

cantilever.39,	  43	  Therefore,	  in	  each	  experiment,	  the	  exact	  location	  of	  a	  loaded	  particle	  

is	   determined	   by	   optical	   microscopy.	   Afterward,	   the	   resonance	   frequency	   of	   a	  

loaded	  cantilever	  and	  the	  location	  of	  the	  added	  mass	  are	  used	  in	  an	  ABAQUS	  finite	  

element	   simulation	   to	   determine	   the	   added	   mass.	   Fig.	   1b	   demonstrates	   the	  

weighing	  of	  a	  Lasthenia	  fremontii	  pollen	  grain	  (left	  arm).	  	  Prior	  to	  the	  placement	  of	  

an	   entity,	   a	   small	   amount	   of	   grease	   (around	   100	   to	   300	   pg)	  was	   smeared	   on	   the	  

cantilevers	  to	  improve	  the	  adhesion	  between	  the	  loaded	  particle	  and	  the	  cantilever	  

surface.	   The	   frequency	   shift	   resulting	   from	   the	   grease	  was	   taken	   into	   account	   by	  

measuring	   the	  resonance	   frequency	  of	   the	  cantilever	  with	   the	  grease	  on	   it.	  On	   the	  

right	   arm	   a	   polystyrene	   bead	   with	   a	   previously	   measured	   mass	   of	   39.9	   ng	   was	  

loaded	   to	   ensure	   the	   system	   is	   functioning	   properly.	   Fig.	   1c	   is	   the	   experimental	  

frequency	   spectrum	   corresponding	   to	   the	   weighing	   experiment	   in	   Fig.	   1b.	   The	  

resonance	  frequency	  of	  the	  sensor	  cantilever	  shifted	  from	  7319	  Hz	  (the	  resonance	  

frequency	  of	  an	  empty	  cantilever)	  to	  6043	  Hz	  due	  to	  the	  loading	  by	  a	  pollen	  grain.	  

The	  resonance	  frequency	  of	  the	  reference	  cantilever	  was	  reduced	  to	  3342	  Hz	  due	  to	  

the	   weight	   of	   the	   reference	   bead.	   By	   matching	   these	   experimentally	   determined	  
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frequencies	  and	  the	  microscopically	  verified	  locations	  of	  the	  particles	  with	  our	  finite	  

element	  simulation,	  the	  mass	  of	  the	  pollen	  grain	  in	  Fig.	  1c	  was	  obtained	  as	  4.54	  ng.	  	  

B.	  Cultivation	  of	  cancer	  cell	  lines	  

Human	  cancer	  cell	  lines	  were	  obtained,	  cultured,	  fixed	  and	  dried	  for	  weighing	  

experiments.	   The	   breast	   cancer	   cell	   line	   MCF-‐7,	   obtained	   from	   American	   Type	  

Culture	   Collection	   (ATCC),	   was	   cultured	   in	   Eagle’s	   Minimum	   Essential	   Medium	  

(EMEM,	  ATCC)	  with	  10%	  fetal	  bovine	  serum	  (FBS,	  Gemini	  Bio	  Products).	  The	   lung	  

cancer	   cell	   line	   A549,	   obtained	   from	   Indiana	   University	   School	   of	   Medicine,	   was	  

cultured	   in	   F-‐12K	   Medium	   (ATCC)	   with	   10%	   FBS.	   KB	   cells,	   a	   HELA	   subclone	  

obtained	   from	   Purdue	   University	   Department	   of	   Chemistry,	   was	   cultured	   in	   folic	  

acid	  depleted	  RPMI	  1640	  medium	  (Gibco)	  with	  10%	  FBS.	  All	   three	  cell	   lines	  were	  

harvested	  using	  Trypsin-‐EDTA	  (Invitrogen)	  before	  going	  through	  a	  series	  of	  fixing,	  

dehydration,	   and	   drying	   processes	   further	   described	   in	   the	   “Fixation,	   dehydration	  

and	  drying	  of	  cell	  samples”	  section.	  

C.	  Preparation	  of	  blood	  cells	  

Red	   blood	   cells	   (RBCs)	   and	   leukocytes	  were	   isolated	   from	   blood	   samples	   of	  

healthy	   donors	   under	   an	   approved	   IRB	   protocol	   and	   subjected	   to	   weight	  

measurement.	   Blood	   samples	   were	   first	   collected	   in	   BD	   vacutainer	   tubes	   with	  

additives	  of	  sodium	  polyanethol	  sulfonate	  (SPS)	  and	  were	  kept	  at	  4	  °C	  immediately	  

after	  collection	  until	  blood	  cell	  isolation.	  Blood	  samples	  were	  used	  within	  two	  hours	  

after	   collection.	   To	   obtain	  RBCs,	   4	  mL	  of	   the	   collected	  blood	  was	   first	   transferred	  

into	   a	   tube	   and	   centrifuged	   at	   400	   g	   for	   20	   minutes.	   RBCs	   were	   subsequently	  

collected	   from	   the	   bottom	   of	   the	   tube	   using	   a	   pipet	   tip.	   Leukocytes	   (mainly	  

lymphocytes)	  were	   isolated	   from	   another	   4	  mL	   of	   blood	   using	   Ficoll-‐Paque	   PLUS	  

(GE	  Healthcare)	  by	  following	  the	  standard	  protocols	  provided	  by	  the	  vendor.	  	  

D.	  Preparation	  of	  other	  biological	  microparticles	  

Pollen	   grains	   from	   Lasthenia	   Fremontii	   and	   Lasthenia	  Glabrata	   species	   were	  

obtained	  from	  Purdue	  University	  Departments	  of	  Biological	  Sciences.	  Pollen	  grains	  

were	   collected	   on	   glass	   slides	   by	   tapping	   the	   flowers	   that	   contained	   the	   grains.	  
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Afterward,	  individual	  pollen	  grains	  were	  directly	  grabbed	  by	  the	  micromanipulator	  

for	  weighing.	  Mouse	  prostate	  stem	  cell	  spheres	  were	  provided	  by	  Purdue	  University	  

Center	   for	   Cancer	   Research.	   Stem	   cell	   spheres	  were	   fixed	  with	   paraformaldehyde	  

after	  isolation	  from	  Matrigel	  (BD	  Bioscience).	  Mouse	  pancreatic	  islet	  spheroids	  were	  

provided	   by	   the	   department	   of	   Agricultural	   and	   Biological	  Engineering,	   Purdue	  

University.	   The	   eye-‐brain	   complexes	   of	   larval	   Drosophilae	   were	   provided	   by	   the	  

department	  of	  Biochemistry,	  Purdue	  University.	  	  

E.	  Fixation,	  dehydration	  and	  drying	  of	  cell	  samples	  

Cells	   and	  microorganisms	  were	   first	   fixed	  with	   2	  %	   glutaraldehyde	   in	   0.1	  M	  

cacodylate	   for	  30	  minutes.	  After	  rinsing	  with	   the	  cacodylate	  buffer	   (0.1M,	  pH	  7.4),	  

cells	  and	  microorganisms	  were	  post-‐fixed	  with	  1%	  osmium	  tetroxide	  (OsO4)	  in	  0.1	  

M	  cacodylate	  for	  30	  minutes.	  These	  two	  fixation	  steps	  can	  effectively	  retain	  proteins	  

and	   lipids	   in	   cells44,	  45	   and	  have	  been	  commonly	  used	  as	  a	  method	   to	   stabilize	   the	  

interior	   structures	   of	   cells	   and	   tissues	   when	   preparing	   them	   for	   SEM	   and	  

dissection.46,	   47	   The	   samples	   were	   then	   subjected	   to	   a	   series	   of	   dehydration	  

processes	  in	  ethanol	  with	  varying	  concentrations	  (10,	  30,	  50,	  70,	  90,	  100	  %	  for	  10	  

minutes	   each).	   Afterward,	   cells	   were	   re-‐suspended	   in	   50%	   and	   100%	  

hexamethyldisilazane	  (HMDS)	  solutions	  for	  10	  minutes	  each.	  HMDS	  has	  been	  shown	  

as	  an	  economical	  and	  effective	  alternative	  to	  the	  critical	  point	  drying	  (CPD)	  method	  

for	  drying	  of	  biological	   samples.48-‐50	   It	  has	  been	  demonstrated	   that	  HMDS	   induces	  

only	   a	   small	   amount	   of	   surface	   tension	   and	   hence	   prevents	   cell	   structures	   from	  

collapse	  and	  distortion	  that	  may	  be	  introduced	  during	  air-‐drying.51-‐53	  

Results	  and	  Discussion	  

A.	  	  System	  calibration	  and	  uncertainty	  analysis	  

We	   first	   verified	   the	   accuracy	   of	   our	   weighing	   scheme	   by	   comparing	   the	  

effective	   density	   of	   polystyrene	   beads	   determined	   by	   measuring	   their	   mass	   and	  

microscopically	   observing	   their	   volume,	   to	   their	   density	   reported	   by	   the	  

manufacturer	  (Spherotech,	  Inc.).	  In	  this	  test,	  we	  individually	  characterized	  the	  mass	  

and	   volume	   of	   ten	   small	   (measured	   average	   diameter:	   24.8	   μm)	   and	   ten	   large	  
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(measured	   average	   diameter:	   41.9	   μm)	   polystyrene	   beads.	   The	   resulting	   average	  

masses	   of	   the	   small	   and	   large	   beads	   were	   8.37	   and	   40.62	   ng	   respectively.	   The	  

average	   densities	   of	   ten	   different	   beads	  were	   then	   calculated	   as	   1.048	   g	   cm-‐3	   for	  

small	  beads	  and	  1.055	  g	  cm-‐3	  for	  large	  beads.	  These	  results	  were	  in	  good	  agreement	  

with	  the	  density	  of	  polystyrene	  beads	  reported	  by	  the	  manufacturer	  (~1.05	  g	  cm-‐3).	  

To	   evaluate	   the	   systematic	   uncertainty	   in	   our	   mass	   measurements,	   we	  

investigated	  the	  uncertainty	  in	  determining	  the	  location	  of	  a	  loaded	  particle	  as	  well	  

as	   that	   in	  our	   frequency	  measurements.	  The	  uncertainty	   in	   the	   loading	   location	   is	  

introduced	  by	  the	  resolution	  limit	  of	  the	  used	  optical	  microscope.	  The	  uncertainty	  in	  

the	   frequency	  measurement	   is	   due	   to	   the	   effects	   of	   both	   the	   quality	   factor	   of	   the	  

cantilever	   and	   the	   signal-‐to-‐noise	   ratio	   of	   the	   measurement.39	   To	   quantify	   the	  

uncertainty	   in	   both	   the	   location	   and	   the	   frequency	  measurements,	   we	   conducted	  

experiments	   in	   which	   we	   repeatedly	   measured	   the	   resonance	   frequency	   of	   a	  

cantilever	   and	   the	   location	   of	   a	   polystyrene	   particle	   loaded	   on	   a	   cantilever.	   The	  

location	   of	   a	   polystyrene	   bead	   (24.8	   μm	   in	   diameter)	   was	   repeatedly	   measured	  

twenty	   times	   by	   means	   of	   calibrated	   brightfield	   microscopy.	   The	   location	   of	   the	  

bead	  was	   on	   average	   8.3	   µm	   away	   from	   the	   tip	   of	   the	   cantilever,	   and	   the	   99.7	  %	  

confidence	  interval	  for	  the	  resulting	  uncertainty	  in	  its	  location	  was	  determined	  to	  be	  

±0.16	  µm.	  The	  uncertainty	   in	  the	  resonance	  frequency	  was	  obtained	  by	  measuring	  

the	  resonance	  frequency	  of	  the	  loaded	  cantilever	  ten	  times.	  The	  average	  resonance	  

frequency	  was	  measured	  as	  3345	  Hz	  (which	  gave	  the	  mass	  of	  the	  bead	  as	  39.7	  ng)	  

with	  an	  uncertainty	  of	  ±	  0.89	  Hz	  at	  the	  99.7	  %	  confidence	  level.	  	  

The	  effect	  of	  the	  uncertainties	  in	  the	  measured	  location	  (δx)	  and	  frequency	  (δf),	  

on	   the	   uncertainty	   in	   the	   mass	   measurement	   (δm)	   was	   then	   calculated	   using	   an	  

error	  propagation	  approach:	  

δm =
∂m
∂f

δ f
"

#
$

%

&
'

2

+
∂m
∂x

δx
"

#
$

%

&
'
2

.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (1)	  

Here	  m	  is	  the	  mass	  of	  the	  load	  (kg),	  x	  is	  the	  distance	  of	  the	  weighed	  particle	  from	  the	  

tip	  of	  the	  cantilever	  (m),	  and	  f	  is	  the	  natural	  frequency	  of	  the	  cantilever	  (Hz)	  given	  

by	  43,	  54:	  
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	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   f = 1
2π

K
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'
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)
*
*

+

,
-
-

2

m

,	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (2)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

where	   L	   is	   the	   length	   of	   the	   cantilever	   (m),	  M	   is	   the	   effective	  modal	  mass	   of	   the	  

cantilever	   (kg),	   and	  K	   is	   the	   stiffness	   of	   the	   cantilever	   (N/m).	  The	   stiffness	   of	   our	  

cantilever	  (K)	  was	  determined	  as	  0.0182	  N/m	  by	  simulating	  the	  tip	  deflection	  due	  to	  

a	   point	   load	   using	   a	   finite	   element	   simulation.	   Next,	   the	   effective	   mass	   M	   was	  

determined	  as	  8.6	  ng	  by	  using	  K	  and	  the	  measured	  natural	   frequency	  of	  an	  empty	  

cantilever.	  Fig.	  2a	  shows	  the	  dependence	  of	  the	  calculated	  mass	  uncertainty	  (δm)	  on	  

the	   added	   mass	   (m)	   and	   the	   loading	   location	   (x).	   According	   to	   Fig.	   2a,	   the	  

uncertainty	  in	  mass	  is	  3.2	  pg	  for	  a	  1	  ng	  load	  (when	  x=0).	  This	  uncertainty	  increases	  

to	  about	  82	  pg	  when	  the	  added	  mass	  is	  40	  ng.	  The	  effect	  of	  location	  is	  less	  severe,	  as	  

the	  uncertainty	  in	  the	  mass	  of	  a	  1	  ng	  load	  increases	  only	  from	  3.2	  pg	  to	  3.8	  pg	  when	  

x	  increases	  from	  0	  to	  20	  μm.	  	  

We	   next	   compared	   the	   calculated	   uncertainties	   with	   the	   experimentally	  

observed	  variations	  in	  mass.	  We	  used	  two	  groups	  of	  10	  beads	  for	  this	  analysis,	  one	  

group	  with	  an	  average	  diameter	  of	  24.8	  μm	  (“small	  beads”),	  and	  one	  with	  an	  average	  

diameter	  of	  41.9	  μm	  (“large	  beads”).	  We	  first	  picked	  one	  bead	  from	  each	  group	  and	  

weighed	   it	   10	   times.	   Each	  weighing	  was	   performed	   from	   scratch	  where	   the	   same	  

bead	   was	   weighed,	   removed	   from	   the	   cantilever	   surface,	   placed	   back	   on	   the	  

cantilever	  and	  weighed	  again	  by	  recording	  the	  new	  frequency	  and	  the	  bead	  location.	  

The	  resulting	  variation	  in	  mass	  measurements	  as	  well	  as	  the	  systematic	  uncertainty	  

predicted	  by	  (1),	  at	  the	  99.7%	  confidence	  level	  are	  shown	  in	  Fig.	  2b.	  The	  similarity	  

between	   the	   experimental	   and	   the	   calculated	   uncertainty	   values	   indicate	   that	   the	  

uncertainties	  in	  the	  frequency	  and	  location	  measurements	  are	  an	  important	  part	  of	  

the	  overall	  systematic	  uncertainty.	  Next,	  we	  studied	  the	  variation	  of	  mass	  from	  one	  

bead	  to	  another	  in	  each	  group,	  where	  we	  weighed	  each	  bead	  from	  each	  group	  once.	  

These	  results	  are	  also	  presented	  in	  Fig.	  2b	  as	  well	  as	  Table	  1.	  The	  results	  show	  that	  

bead-‐to-‐bead	   variation	   in	   mass,	   even	   for	   beads	   from	   the	   same	   group,	   greatly	  

outweigh	  the	  systematic	  uncertainty	  in	  the	  mass	  measurements.	  	  
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B.	  Arrangement	  of	  single	  particles	  on	  resonator	  surface	  

In	   an	   earlier	   study	   we	   demonstrated	   the	   capability	   of	   particle-‐by-‐particle	  

construction	  of	  micro	  structures	  on	  various	  substrates	  including	  surfaces	  of	  sensors	  

fabricated	  by	  standard	  microelectronic	  fabrication	  processes.38	  With	  this	  capability,	  

we	  can	  build	  structures	  by	  combining	  individual	  particles	  on	  the	  tip	  of	  a	  resonator	  

and	   readily	   weigh	   these	   structures.	   This	   becomes	   especially	   useful	   for	   weighing	  

particles	   smaller	   than	   ~15	   µm.	   It	   is	   often	   easier	   to	   maneuver	   and	   place	   a	   small	  

particle	  on	  top	  of	  a	  larger	  spherical	  particle	  already	  placed	  on	  the	  cantilever	  surface	  

than	   it	   is	   to	  directly	  place	   it	  on	  a	   two	  dimensional	  cantilever	  surface.	  Fig.	   3a	   is	  an	  

example	   of	   a	   cell-‐bead	   stack	   built	   on	   a	   cantilever	   surface.	   To	   build	   this	   stack,	   a	  

polystyrene	   bead	   (orange)	  was	   first	   placed	   on	   the	   cantilever.	  Next,	   the	   top	   of	   the	  

bead	  was	  “painted”	  with	  a	  layer	  of	  grease	  (purple)	  to	  improve	  adhesion.	  Afterward,	  

an	   individually	   targeted	   KB	   cell	   (green)	   was	   placed	   on	   the	   bead	   using	   the	  

micromanipulator.	  	  	  

To	  obtain	  the	  mass	  of	  the	  specific	  KB	  cell	  in	  Fig.	  3a,	  the	  resonance	  frequency	  of	  

the	  cantilever	  with	  the	  bead/grease	  combination	  was	  first	  determined.	  After	  the	  cell	  

was	   placed	   on	   top	   of	   the	   bead,	   the	   resonance	   frequency	   of	   the	   cantilever	  

corresponding	   with	   the	   bead/grease/cell	   combination	   was	   measured	   again.	  

Subsequently,	   the	  measured	   resonance	   frequencies	   as	  well	   as	   the	   locations	   of	   the	  

bead	  and	  cell	  were	  used	  in	  a	  finite	  element	  simulation	  to	  determine	  the	  mass	  of	  the	  

cell.	   The	   mass	   of	   the	   dry	   KB	   cell	   in	   Fig.	   3a	   was	   determined	   as	   0.52	   ±	   0.019	   ng	  

(measured	  mass	  ±	  theoretical	  systematic	  uncertainty).	  We	  also	  applied	  the	  method	  

to	  weigh	  smaller	  biological	  particles	  such	  as	  red	  blood	  cells	  (Fig.	  3b).	  The	  resulting	  

mass	  of	  the	  specific	  dry	  red	  blood	  cell	   in	  Fig.	   3b	  was	  57	  ±	  18	  pg.	  Note	  that	   in	  this	  

case,	  using	  a	  heavier	  base	  particle	  under	  the	  relatively	  small	  red	  blood	  cell	  increases	  

the	  systematic	  uncertainty.	  Therefore,	  the	  measurement	  resolution	  can	  be	  improved	  

by	  choosing	  a	  lighter	  base	  particle	  such	  as	  a	  smaller	  bead.	  

C.	  Weighing	  of	  individually	  selected	  cancer	  cells	  	  

Knowing	   the	   mass	   of	   a	   cell	   can	   be	   extremely	   valuable.	   For	   example,	  

researchers	  have	  shown	  that	  they	  can	  investigate	  the	  effects	  of	  chemicals	  on	  tumor	  
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cells	  by	  observing	  their	  masses.5,	  55	  It	  has	  also	  been	  shown	  that	  the	  mass	  of	  cells	  can	  

be	   associated	  with	   cellular	   senescence	   and	   cell	   growth.56,	  57	  With	   our	   approach,	   a	  

particular	  cell	  can	  be	  individually	  isolated	  and	  weighed.	  Figure	  4a	  shows	  individual	  

cancer	  cells	  that	  were	  selectively	  weighed.	  In	  this	  experiment	  five	  A549	  cancer	  cells	  

were	  selected	  from	  the	  surface	  of	  a	  glass	  slide	  that	  contained	  numerous	  dried	  A549	  

cells,	   and	   weighed.	   After	   the	   weighing,	   the	   A549	   cells	   were	   removed	   from	   the	  

cantilever	   surface	   and	   arranged	   on	   a	   conductive	   substrate	   for	   SEM	   imaging.	  With	  

this	   particular	   protocol	   that	   combines	   SEM	   imaging	   and	   on	   demand	   weighing,	  

detailed	  spatial	  information	  as	  well	  as	  the	  mass	  of	  individual	  cells	  can	  be	  obtained	  as	  

shown	  in	  Fig.	  4a.	  

The	   developed	  method	   can	   also	   be	   used	   to	   characterize	   individual	   cells	   that	  

are	  attached	  to	  other	  particles.	  For	  example,	  magnetic	  particles	  are	  frequently	  used	  

in	   immunomagnetic	   separation	   to	   isolate	   specific	   cells	   from	   heterogeneous	  

suspensions.58,	  59	   This	   analysis	   often	   relies	   on	   a	   balance	  between	  magnetic,	   fluidic	  

and	  gravitational	   forces	  applied	  on	  cells	  and	  hence	  the	  mass	  of	   the	   individual	  cell-‐

bead	  assembly.	  Using	  our	  method,	  the	  mass	  of	  an	  individual	  cell	  that	  is	  attached	  to	  

magnetic	  particles	  can	  be	  determined	  and	  compared	  to	  that	  without	  particles.	  This	  

information	   can	   be	   useful	   for	   accurate	   simulations	   of	   magnetic	   flow-‐based	  

separation	   systems	   and	   the	   overall	   optimization	   of	   the	   system.60,	   61	   Here,	   we	  

incubated	  KB	  cells	  with	  magnetic	  beads	  (Sigma-‐Aldrich)	  conjugated	  with	  antibodies	  

against	   folate	   receptor	   (anti-‐FR,	   R&D	   systems)	   for	   90	   minutes.	   Afterward,	   bead-‐

bound	  cells	  were	  collected	  by	  a	  magnet,62	  and	  were	  re-‐suspended	  in	  a	  fixing	  agent	  

(Glutaraldehyde).	   After	   a	   series	   of	   fixation,	   dehydration	   and	   HMDS-‐drying	   steps	  

described	  before,	   individual	  bead-‐attached	  and	  bare	  KB	   cells	  were	   analyzed	  using	  

our	  weighing	  system.	  	  

Fig.	   4b	   shows	  a	   comparison	  of	   groups	  of	   individually	  weighed	  KB	   (with	  and	  

without	   beads),	   A549,	   as	   well	   as	   MCF-‐7	   cancer	   cells.	   The	   average	   dry	   masses	   of	  

bead-‐bound	  KB,	  bare	  KB,	  MCF-‐7,	  and	  A549	  cells	  were	  measured	  as	  1.05	  ±	  0.40,	  0.76	  

±	   0.15	  ng,	   0.43	  ±	   0.13	  ng,	   0.61	  ±	   0.13	  ng,	   respectively	   (mean	  ±	   99.7%	   confidence	  

interval,	  Fig.	  4b).	  The	  error	  bars	  in	  Fig.	  4b	  indicate	  cell-‐to-‐cell	  variation	  in	  mass,	  not	  
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the	  systematic	  measurement	  uncertainty	  which	  is	  less	  than	  20	  pg.	  It	  was	  observed	  

that	  dried	  KB	  cells	  were	  on	  average	  heaviest	  of	  all	   three	  cell	   lines,	  whereas	  MCF-‐7	  

cells	  were	  the	  lightest.	  For	  KB	  cells,	  it	  was	  observed	  that	  bead-‐bound	  KB	  cells	  were	  

on	  average	  0.29	  ng	  heavier	  than	  bare	  KB	  cells.	  The	  greater	  variation	  observed	  in	  the	  

mass	   of	   bead-‐bound	   KB	   cells	   is	   expected	   and	  most	   likely	   due	   to	   variation	   in	   the	  

number	  of	  beads	  bound	  to	  each	  cell	  during	  incubation.	  	  

The	  method	  can	  also	  be	  utilized	  to	  individually	  characterize	  fragments	  or	  parts	  

of	   whole	   cells.	   	   To	   demonstrate	   this	   capability,	   an	   individual	   KB	   cell	   was	   chosen	  

from	  an	  array	  of	  KB	  cells	  that	  have	  been	  weighed	  individually	  (Fig.	  5a).	  The	  targeted	  

cell	  was	  sectioned	  by	  means	  of	  focused	  ion	  beam	  (FIB)	  milling	  as	  illustrated	  in	  Fig.	  

5b-‐5d.	  After	  the	  milling	  process,	  the	  remainder	  of	  the	  target	  KB	  cell	  was	  picked	  up	  

by	  the	  micromanipulator	  and	  weighed	  again.	   It	  was	  observed	  that	   the	  dry	  mass	  of	  

the	   specific	   cell	   in	   Fig.	   5	   was	   reduced	   from	   790	   ±	   19	   pg	   (measured	   mass	   ±	  

theoretical	   systematic	   uncertainty)	   to	   220	   ±	   19	   pg	   after	   the	   milling	   process.	   FIB	  

milling	   is	   generally	   used	   to	   prepare	   sections	   of	   samples	   for	   electron	  microscopy,	  

while	  avoiding	  the	  distortion	  in	  cellular	  structures	  that	  can	  result	  from	  conventional	  

mechanical	   sectioning	   processes.63	   Our	   system	   can	   readily	   be	   combined	  with	   FIB	  

milling	  to	  interrogate	  parts	  of	  individual	  cells	  or	  various	  biological	  particles	  in	  terms	  

of	  their	  mass.	   

D.	  Characterization	  of	  biological	  microparticles	  over	  a	  high	  dynamic	  range	  

The	  main	  advantage	  of	  the	  weighing	  scheme	  is	  its	  robustness	  and	  versatility	  in	  

selectively	  weighing	  individual	  microparticles	  over	  a	  5	  order	  of	  magnitude	  dynamic	  

range	  of	  mass.	  The	  specific	  prong	  design	  allows	  the	  manipulation	  of	  particles	  with	  

dimensions	  between	  5	  µm	  and	  300	  µm.38	  The	  large	  surface	  area	  (50	  µm	  by	  250	  µm)	  

of	   the	   cantilever	   accommodates	   microparticles	   with	   various	   dimensions.	   We	  

measured	  the	  dry	  mass	  of	  a	  wide	  variety	  of	  microparticles	  including	  (in	  the	  order	  of	  

increasing	   size)	   red	  blood	   cells,	  white	  blood	   cells,	   cancer	   cells,	   canine	   transitional	  

cell	   carcinomas	   (K9TCC-‐AN),	   pollen	   grains,	   stem	   cell	   spheroids,	   pollen	   grains,	  

pancreatic	  islet	  spheroids	  as	  well	  as	  the	  eye-‐brain	  complexes	  of	   insects.	  Fig.	  6	  and	  

Table	  2	  summarize	  the	  results	  of	  a	  combined	  weighing	  and	  SEM	  analysis	  performed	  
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on	  12	  different	  kinds	  of	  entities.	  The	  dimensions	  of	  the	  measured	  particles	  ranged	  

from	  5.4	  µm	  (red	  blood	  cells)	  to	  190	  µm	  (eye-‐brain	  complex	  of	  Larval	  Drosophilae).	  

Here	   the	   error	   bars	   represent	   the	   sample-‐to-‐sample	   variation	   for	   all	   data	   points	  

except	   the	  pancreatic	   islet	  and	   the	  brain-‐eye	  complex	  where	  only	  one	  sample	  was	  

available	   for	   analysis.	   For	   these	   two	   data	   points,	   the	   systematic	   measurement	  

uncertainties	  are	  1.66	  ng	  and	  10.25	  ng	  which	  are	  too	  small	  to	  visualize	  in	  Fig.	  6.	  

Conclusion	  

We	  developed	   a	   system	   capable	   of	   individually	   picking	   and	  weighing	   a	  wide	  

variety	   of	   dry	   biological	   particles.	   The	   system	   is	   based	   on	   the	   combination	   of	   a	  

mechanically	  actuated	  micromanipulator	  and	  a	  nanomechanical	  resonator,	  and	  has	  

been	  designed	  to	  mimic	  the	  simple	  and	  intuitive	  nature	  of	  a	  typical	  select-‐and-‐weigh	  

experience	   in	   a	   supermarket.	  We	   weighed	   a	   wide	   variety	   of	   individual	   biological	  

microparticles	   whose	   masses	   ranged	   from	   10s	   of	   picograms	   to	   micrograms.	   The	  

weighed	   specimens	   included	   various	   cells	   that	   are	   bound	   by	   secondary	   inorganic	  

microparticles,	  individual	  pollen	  grains,	  spheroids	  as	  well	  as	  organs	  of	  insects.	  When	  

used	  in	  conjunction	  with	  focused	  ion	  beam	  milling,	   the	  system	  can	  also	  be	  used	  to	  

weigh	  parts	  of	  whole	  cells.	  We	  expect	  this	  versatile	  system	  to	  have	  a	  wide	  range	  of	  

applications	   including	   analysis	   of	   individual	   cells’	   response	   to	   drugs	   or	   chemical	  

treatments,	   comparative	  analysis	  of	   individual	  pollen	  grains,	  as	  well	  as	   interesting	  

possibilities	  such	  as	  autopsy	  of	  insects.	  	  
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(a)	  

	  
(b)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (c)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

	  	  	  	  	  	  	   	  
	  
	  
Fig.	  1	  (a)	  Schematic	  of	  the	  weighing	  system.	  Target	  microparticle	  is	  grabbed	  by	  a	  micromanipulator	  
and	  placed	  onto	  the	  tip	  of	  a	  cantilever-‐based	  resonator	  for	  weighing.	  The	  added	  mass	  is	  derived	  by	  
observing	  the	  resonance	  frequency	  of	  the	  loaded	  cantilever.	  (b)	  SEM	  image	  of	  a	  pollen	  grain	  placed	  
on	  a	  cantilever	  (left	  arm).	  The	  reference	  cantilever	  (right	  arm)	  was	  loaded	  with	  a	  polystyrene	  bead	  
with	  known	  mass.	  Scale	  bars	   indicate	  30	  μm.	  (c)	  Frequency	  response	  of	   the	  system	  that	  shows	  the	  
resonance	  frequencies	  of	  both	  cantilevers.	  	  
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(a)	  

	  
	  
(b)	  
	  

	  
	  
Fig.	  2	  (a)	  The	  theoretical	  uncertainty	  in	  mass	  with	  respect	  to	  the	  mass	  and	  the	  distance	  of	  the	  loaded	  
particle	  with	  respect	  to	  the	  cantilever	  tip.	  (b)	  The	  bar	  chart	  illustrates	  experimental	  and	  theoretical	  
uncertainties	  in	  mass	  for	  single	  beads	  (n=10).	  The	  average	  masses	  and	  experimental	  uncertainties	  in	  
mass	  of	  ten	  different	  beads	  are	  also	  presented.	  Number	  above	  each	  bar	  denotes	  the	  numerical	  value	  
of	  the	  corresponding	  bar.	  	  
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(a)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (b)	  

	  	  	   	  
	  
	  
Fig.	   3	   SEM	   images	   of	  microparticles	  weighed	  by	   the	   cantilever-‐based	   resonator.	   (a)	  A	  KB	   cell	  was	  
placed	  on	  top	  of	  a	  polystyrene	  bead	  for	  weighing.	  The	  inset	  shows	  an	  artificially-‐colored	  side	  view	  of	  
the	  cell-‐bead	  stack.	  The	  green	  indicates	  the	  KB	  cell,	  purple	  is	  the	  adhesive	  grease	  layer,	  and	  orange	  is	  
the	  polystyrene	  bead.	   (b)	  Weighing	  of	  a	  red	  blood	  cell.	  A	  red	  blood	  cell	  was	   individually	  picked	  up	  
from	  a	  group	  of	  cells	  (inset)	  by	  the	  micromanipulator.	  
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	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (a)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (b)	  

	  	  	   	  
	  
	  
Fig.	   4	   (a)	  SEM	   images	  of	  weighed	  A549	  cells	  with	   their	  corresponding	  dry	  masses.	  The	   theoretical	  
uncertainty	  in	  the	  mass	  measurement	  was	  around	  20	  pg.	  (b)	  The	  dry	  mass	  of	  bead-‐bound	  KB	  cells,	  
bare	  KB	  cells,	  A549,	  and	  MCF-‐7	  cancer	  cells.	  Error	  bars	  represent	  +/-‐	  99.7%	  confidence	   interval	  of	  
cell-‐to-‐cell	  variation.	  
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(a)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (b)	  

	  	  	  	  	  	  	   	  
(c)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (d)	  

	  	  	  	  	  	  	   	  
	  
	  
Fig.	  5	  (a)	  SEM	  image	  of	  an	  array	  of	  KB	  cells	  arranged	  individually	  after	  weighing.	  Red	  arrow	  indicates	  
the	   specific	   cell	   to	   be	  milled	   by	   FIB.	   (b)	   Top	   view	   and	   (c)	   tilted	   view	   of	   the	  milled	   cell.	   	   (d)	   The	  
artificially	  colored	  SEM	  image	  illustrates	  the	  cross-‐section	  of	  the	  milled	  KB	  cell.	  The	  green	  and	  blue	  
parts	  represent	  the	  surface	  and	  interior	  of	  the	  cell,	  the	  yellow	  part	  is	  the	  thin	  platinum	  layer	  that	  is	  
deposited	  to	  protect	  and	  define	  the	  milling	  edge,	  and	  the	  pink	  depicts	  the	  conductive	  substrate.	  Scale	  
bars	  denote	  10	  µm.	  
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Fig.	   6	   Measured	   mass	   vs.	   dimension	   of	   biological	   microparticles.	   Insets	   show	   the	   SEM	   images	   of	  
analyzed	  particles	  including	  (a)	  a	  white	  blood	  cell,	  (b)	  a	  bead-‐bound	  KB	  cell,	  (c)	  a	  K9TCC-‐AN	  cell,	  (d)	  
a	  Lasthenia	  Glabrata	   pollen	  grain,	   (e)	   a	  pancreatic	   islet	   spheroid	   from	  mouse,	   and	   (f)	   an	  eye-‐brain	  
complex	  collected	   from	  a	   larval	  Drosophila.	  Error	  bars	   represent	  +/-‐	  99.7%	  confidence	   interval	   for	  
sample-‐to-‐sample	  variation	  when	  multiple	  samples	  were	  available.	  Pancreatic	  islet	  spheroid	  and	  eye-‐
brain	  complex	  have	  sample	  size	  =	  1	  therefore	  no	  errors	  bar	  are	  shown.	  	  
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Table	  1	  Experimental	  and	  theoretical	  mass	  uncertainties	  at	  the	  99.7%	  confidence	  level.	  
	  
	  

Sample	   Mean	  mass	  
(ng)	  

Experimental	  	  
Error	  (±ng)	  

Theoretical	  
Error	  (±ng)	  

1	  small	  bead	  
weighed	  10	  times	   8.38	   0.033	   0.019	  

1	  large	  bead	  
weighed	  10	  times	   40.56	   0.172	   0.087	  

10	  small	  beads	  each	  
weighed	  1	  time	   8.37	   0.146	   NA	  

10	  large	  bead	  each	  
weighed	  1	  time	   40.62	   1.810	   NA	  
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Table	   2	   Measured	   mass	   and	   dimensions	   of	   biological	   micro-‐entities.	   Dimension	   indicates	   the	  
diameter	  of	  a	  spherical	  particle	  or	  the	  largest	  dimension	  of	  a	  non-‐spherical	  particle	  such	  as	  a	  pollen	  
grain.	   Mass	   and	   dimension	   variation	   represent	   99.7%	   confidence	   interval	   in	   sample-‐to-‐sample	  
variation.	  
	  
	  

Sample	   Sample	  
size	  

Average	  	  
mass	  (ng)	  

Mass	  	  
variation	  (±ng)	  

Average	  
Dimension	  	  

(μm)	  

Dimension	  	  
variation	  (±μm)	  

Red	  
	  blood	  cell	   10	   0.04	   0.01	   5.41	   0.90	  

White	  	  
blood	  cell	   9	   0.14	   0.03	   5.88	   0.74	  

MCF-‐7	  cell	   20	   0.43	   0.15	   9.51	   0.91	  

A549	  cell	   20	   0.61	   0.16	   10.36	   1.01	  

KB	  cell	   20	   0.76	   0.17	   11.33	   0.94	  

Bead-‐bound	  
KB	  cell	  

20	   1.05	   0.47	   10.97	   1.72	  

K9TCC-‐AN	   9	   2.41	   1.8	   16.48	   6.6	  

Pollen	  grain	  
(Glabrata)	  

14	   5.51	   1.24	   23.42	   2.56	  

Pollen	  grain	  
(Fremontii)	  

14	   7.28	   2.25	   24.25	   1.01	  

Stem	  cell	  
spheroid	   10	   149.56	   44.24	   64.63	   5.79	  

Islet	  
spheroid	  

1	   586	   NA	   124	   NA	  

Eye-‐brain	  	  
complex	  

1	   2395	   NA	   195	   NA	  
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