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S U R F A C E  FILMS OF D E S O X Y R I B O N U C L E I C  ACID 

b y  
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High polymer desoxyribonucleic acid (DNA) isolated from calf thymus or from 
chicken erythrocytes can be induced to spread as a film on the surface of a 2M sodium 
chloride solution. The thickness of the film is within the range of nucleotide dimensions, 
and the measurements reported below may contribute to the analysis of the structure 
of DNA.  

METHODS 

In  general ,  conven t iona l  m e t h o d s  of surface  c h e m i s t r y  were used  to explore t he  proper t ies  
of D N A  films. A L a n g m u i r  t r o u g h  (Central  Scientific Co., Chicago), p rov ided  wi th  a deep well, a n d  
a ver t ica l -pul l  sur face  ba lance  were used  to ob ta in  the  force-area curves .  The  D N A  was  isolated 
by  t h e  m e t h o d  of MIRSKY AND POLLIST]~R 1. I t  was h igh ly  polymer ized ,  fo rming  a f ibrous prec ip i ta te  
wi th  p r o t a m i n e  ~ and  h a v i n g  an  opt ical  dens i t y  of 2o.6 (o.I % solution,  one cm pa th)  a t  i t s  260 milli- 
mic ron  peak  in t h e  u l t rav io le t  8. T he  concen t r a t ion  of t he  a q u e o u s  solut ion of D N A  which  was  appl ied 
to  t he  c lean s o d i u m  chloride sur faces  was  o.I mg/ml .  H ighe r  concen t r a t ions  left  unsp read  pa tches ,  
whe reas  lower concen t r a t ions  p roduced  films whose  th i ckness  cor responded  to those  fo rmed  f rom 
the  o . i  m g / m l  solut ion.  T he  aqueous  solut ion was  slowly deposi ted  on t he  surface  by  a control led 
pipet te .  However ,  t h e  to ta l  a m o u n t  of D N A  appl ied did no t  r ema in  a t  t he  surface,  therefore  two 
direct  m e t h o d s  were employed  for de t e rmin ing  t he  a m o u n t  wh ich  was  spread.  

The  first  m e t h o d  employed  a p la te  upon  which  a g iven f ract ion of the  mono laye r  was  deposi ted  
a t  a c o n s t a n t  p res su re  us ing  t h e  m e t h o d  of LANGMUIR AND BLODGETT 4. The  deposi ted film was  
t h e n  dissolved off in a defini te a m o u n t  of wa t e r  and  i ts  concen t r a t ion  was  de t e rmined  b y  use  of 
a B e c k m a n n  spec t ropho tome te r .  F o r t u n a t e l y ,  the  h igh  absorp t ion  coefficient of D N A  m a d e  such  
d e t e r m i n a t i o n s  possible.  K n o w i n g  t he  f ract ion of t he  surface  which  such  a d ipping  represented ,  t he  
to ta l  sur face  concen t r a t i on  could be de t e rmi ned  and  was  used  to a d j u s t  the  re la t ive  pos i t ion  of t he  
absc issa  of t he  force-area  curve .  T he  second m e t h o d  used  to de te rmine  the  a m o u n t  of D N A  rema in ing  
on t h e  sur face  was  to  s t r ip  t he  film comple te ly  f rom t he  surface a f te r  i t  h a d  been compressed  above  
t he  collapse p ressure  (see Fig. i). This  can  be accompl i shed  if the  p H  of t he  subphase  is lowered 
to a b o u t  p H  3, for a t  th i s  p H  the  film becomes  so coheren t  a t  smal l  a reas  t h a t  it  can  be lifted f rom 
the  sur face  in t he  form of elast ic  fibers. B y  t he  s imple  obse rva t ion  of ta lc  par t ic les  p rev ious ly  deposi ted 
on t he  film, one can  easi ly convince  oneself  t h a t  the  film is being collected in to  t he  fiber as i t  is 
being w i thd rawn .  I n  fact,  wi th  care t he  ent i re  surface  can  be w i t h d r a w n  as a single fiber. The  D N A  
m a y  t h e n  be dissolved a n d  de t e rmi ned  spec t rophotomet r ica l ly .  

For  t he  direct  d e t e r m i n a t i o n  of fi lm th ickness ,  an  e l l ipsometer  5, wh ich  was  ca l ibra ted  aga ins t  
b a r i u m  s t ea ra t e  monolayers ,  was  cons t ruc ted .  D N A  films were deposi ted  over  t he  b a r i u m  s t ea ra t e  
s tep  p la te  t h a t  h a d  p rev ious ly  been p repa red  on a s ta in less  steel slide. The  s tep  p la te  was  i m m e r s e d  
in t he  s u b p h a s e  pr ior  to the  sp read ing  of t he  D N A  film. I t  was  w i t h d r a w n  while t he  film was  held 
a t  a p res su re  of 5 dynes  per  cm.  T he  t echn ique  of m e a s u r i n g  film th ickness  was  s imilar  to t h a t  
descr ibed b y  ROTHEN ~. 

For  t h e  s t u d y  of p H  effects, an  a p p a r a t u s  was  devised which  p e r m i t t e d  t he  control  of t he  p H  
of t he  s u b p h a s e  w i t h o u t  d i s t u rb i ng  t he  film, t h u s  m a k i n g  it  possible  to follow the  rela t ion be tween  
p H  a n d  sur face  p res su re  on a single film. T he  i n p u t  and  o u t p u t  of a c i rcula t ing  p u m p  cons t ruc t ed  

* Resea r ch  Fellow, U.S. Publ ic  H e a l t h  Service. 
** Th i s  work  was  suppor t ed  in p a r t  b y  a g ran t - in -a id  f rom the  Amer i can  Cancer  Society upon  

r e c o m m e n d a t i o n  of t he  C o m m i t t e e  on Growth  of t he  Na t iona l  Resea rch  Council.  

References p. 370. 



308 r . W .  JAMES, D. MAZIA VOL. 10  (I953) 

of glass and polyethylene were connected to opposite ends of the trough. Effective mixing was 
achieved by  introducing the liquid re turning from the p u m p  through  a perforated tube extending 
across the width of the t rough.  The dipping-plate and a glass electrode sys tem were introduced 
at  the outflow end. Wi th  this sys tem it proved to be possible to circulate the subphase  at  the rate 
of one liter per  minute  wi thout  loss of surface pressure. As HC1 or NaOH solutions were slowly 
t i t ra ted into the system, the circulation quickly b rough t  it to cons tant  pH, and the film pressures 
were recorded. 

R E S U L T S  

A typical force-area curve for DNA at pH 7 is given in Fig. I. The extrapolated 
straight portion of the curve intersects the area axis at 0.280 square meters per milligram. 
Using a density value of 1.656, the thickness of the film can be calculated. Values found 

by this method in eight independent experiments 
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Fig. z. Force-area curve for DNA films 
spread over 2 M NaC1 at  p H  7. The 
a m o u n t  of DNA present  in a given film 
was determined by  analysis as des- 

cribed in text .  

are given in Table I. These values are for DNA films 
spread on a subphase at pH 7. The mean value of 
22. 3 A is 50 per cent higher than the greatest nucleo- 
tide dimension, I3.8A e. 

TABLE ] 

DNA FILM THICKNESS 

(In A) 

Volume/Surface Area Ellipsometer 
Measurements Measur~ncnts 

21. 7 21.9 
21.1 19.o 
24.6 21.6 
23.0 22.2 
17.o * 21.9 
2I.O 
22.6* 
28.0* 

Mean = 22. 3 A Mean = 21.6 A 

* Measurements  by  dipping-slide method.  
Other  values in this column obtained 
by  recovering film as a fiber. 

The measurements with the ellipsometer served as a check on the values for film 
thickness calculated from the spectrophotometric determinations. These are given in the 
second half of Table I.  The average value obtained at pH 7 is 21.6 A, which is in good 
agreement with the values obtained from the force-area curves. The concordance of the 
results obtained by the several methods suggests tha t  the value of about 22 A for the 
thickness of DNA films at pH 7 may  have some real significance with respect to the 
structure of the DNA molecule. 

The mechanism of surface-spreading of DNA is not clear, since the molecule as 
commonly formulated would not seem to have a marked hydrophilic-hydrophobie axis. 
Since the nucleotide units have a distinct acid-base axis, some clue as to the orientation 
or aggregation of the polymer molecules might be obtained by  investigating the pH 
dependence of the physical properties of the films. Using the method described above, 
the relation between surface pressure and pH of subphase was obtained for films initially 
spread at  pH 7. Such a pH-pressure curve is shown in Fig. 2, the arrows representing the 
direction of the titration. The curve is relative in the sense tha t  the selection of the 
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initial pressure (IO dynes/cm) was arbitrary.  There is clearly a tendency for the film 
to expand as the p H  is lowered. Exposure to acid pH brings about some irreversible 
change that  is described by  the pressure-pH relationship on the returning phase of the 
pH cycle shown in Fig. 2. One consequence of this irreversible alteration was tha t  the 
film became unstable at pH 7, and thus the observations could no longer be extended 
into the alkaline range. Moreover, the alteration was such that  we could not successfully 
deposit the films on a solid surface after return 
to pH 7, and therefore were unable to compare 
the thickness before and after exposure to acid. 

DISCUSSION 

The film thickness of approximately  22 A, 
obtained by  two essentially independent me- 
thods, may  have some bearing on the details of 
the structure of DNA or its aggregates. The 
value is just 5 ° % greater than that  expected 
from a simple stack of nucleotides. I t  corres- 
ponds fairly well to the limiting spacing obser- 
ved by  RILEY AND OSTER ? in X-ray  diffraction 
studies of concentrated DNA solutions. The 
existing data  do not permit  a choice between 
several alternative structures that  would ac- 
count for the thickness, i .  We may  be measuring 
the average thickness of DNA micelles such as 
were postulated by GULLAND AND JORDAN s. 

2. The measured thickness may  be the result 
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Fig. 2. Variation of pressure of a DNA 
film, at constant area, with alteration 
of pH of the underlying solution. Film 
was initially spread at pH 7 (0) and 
arrows indicate course of pH changes. 

of a spiral structure such as has been considered by RILEY AND OSTER in their analysis 
of the X-ray  diffraction data. 3. The individual nucleotides of a single polymer change 
may  be capable of rotation about  the phosphate backbone. Experiments  with molecular 
models show that  the thickness predicted from a chain of freely rotatable nucleotides 
would be close to the 22 A obtained in our measurements.  

The fact tha t  the thickness measured is less than that  of two nucleotides suggests 
very strongly that,  regardless of whether any of the above interpretations is correct, 
the DNA polymer chains lie parallel to the surface, and that  the films are truly mono- 
molecular. 

Since DNA is highly soluble in water and in salt solutions, it is not entirely clear 
how stable films yielding reproducible data  can be formed at all. Presumably the films 
could be prepared over 2 M NaC1 and not over water  because the DNA solution in water  
which was used in spreading is surface active relative to the strong salt solution, and 
therefore would form a surface layer of DNA solution over salt solution. But this does 
not explain why the DNA does not ul t imately dissolve in the underlying NaC1 solution. 
The observed fact was that  our films were stable for many  hours, or as long as they were 
under observation. The observations represented in Fig. 2 show a tendency for the film 
to expand as p H  was lowered. One possible explanation is that  the basic groups of the 
DNA are predominantly affected 9. The fact that  the pressure does not return to its 
original value at p H  7 may  be interpretable as an irreversible modification involving the 
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basic groups, for which the disaggregation effects postulated by GULLAND AND JORDAN s 

might serve as a model. Presumably other hypotheses would account equally well for the 
decrease in thickness at low pH, and what is now required is a s tudy of the pH effect on 
the thickness either by measuring area changes at constant pressure or by finding some 
means of depositing the modified films on solid surfaces for thickness measurements.  

S U M M A R Y  

H i g h  p o l y m e r  desoxyr ibonucle ic  acid m a y  be spread  over  2 M NaC1 a t  p H  7, t he  ma te r i a l  
being depos i ted  on t he  surface  f rom di lute  aqueous  solut ion.  The  th i cknes s  of the  fi lms ha s  been 
e s t i m a t e d  by  ex t r apo l a t i on  of force-area  curves  of fi lms of k n o w n  init ial  concen t r a t i on  and  by  direct  
opt ical  m e a s u r e m e n t  of t he  t h i cknes s  of films deposi ted  on solid surfaces ,  B o t h  m e t h o d s  yield a va lue  
of a p p r o x i m a t e l y  22 A for t he  t h i cknes s  of t he  D N A  films. The  th i cknes s  t ends  to decrease as t he  
p H  of t he  unde r ly ing  solut ion is lowered, and  t he  decrease is associa ted  wi th  an  irreversible change  
in t he  sy s t em.  The  possible bear ing  of these  obse rva t ions  on t he  ana lys i s  of t he  s t r uc tu r e  of D N A  
is discussed.  

RI~SUMI2 

L o r s q u ' u n  acide ddsoxyr ibonuc l6 ique  hau t -po l ym~re  en solut ion aqueuse  d i lu te  es t  port6 -& 
la sur face  d ' u n e  so lu t ion  de NaC1 2 M g p H  7, il p e u t  fo rmer  u n  film. Nous  avons  6valu* l '6paisseur  
de ces fi lms pa r  ex t r apo la t i on  des  courbes  force-aire de fi lms de concen t r a t ion  ini t iale connue  et  pa r  
m e s u r e  op t ique  directe  de l '6paisseur  de fi lms 6 t endus  sur  des surfaces  solides. Pa r  ces deux  m6thodes ,  
nous  a v o n s  ob tenu ,  pour  l '6paisseur  de films d ' A D N ,  une  va l eu r  d ' a p p r o x i m a t i v e m e n t  22 A. L '6pais-  
seur  t end  g d iminue r  lorsque la p H  de la solut ion sous - j acen te  d iminue  et  ce t te  d iminu t i on  d '6pa i sseur  
es t  a ccompagn6e  d ' u n  c h a n g e m e n t  irr6versible du  sys t~me.  Nous  avons  discut~ la port6e possible  
de ces obse rva t ions  sur  l ' ana lyse  de la s t r u c t u r e  de I 'ADN.  

Z U S A M M E N F A S S U N G  

H o c h p o l y m e r e ,  aus  einer  ve rd f inn t en  wXssrigen L 6 s u n g  auf  die Oberfliiche au fgeb rach te  Desoxy-  
r ibonukle ins i iure  k a n n  sich au f  2 M NaC1 bei p H  7 ausbre i ten .  Die Dicke des  F i lms  wurde  du rch  
E x t r a p o l a t i o n  der  K r a f t -  E l i i c h e n i n h a l t - K u r v e n  yon  F i lmen  b e k a n n t e r  A n f a n g s k o n z e n t r a t i o n  und  
du rch  d i rek te  op t i sche  M e s s u n g  der  Dicke yon  au f  fes ten  OberflAehen s i t zenden  F i lmen  b e s t i m m t .  
Beide M e t h o d e n  e rgaben  e inen  W e r t  y o n  ungef~hr  22 A fiir die Dicke der  DNS-Fi lme .  Die Dicke 
des  F i lms  ne ig t  dazu  a b z u n e h m e n ,  w e n n  das  p H  der da run te r l i egenden  L 6 s u n g  ger inger  wird u n d  
dieses A b n e h m e n  is t  m i t  e iner  i r revers iblen Ver~knderung des S y s t e m s  v e r b u n d e n .  Die m6gl iche  
A u s w i r k u n g  dieser B e o b a c h t u n g e n  auf  die S t r u k t u r a n a l y s e  der  DNS wird besproehen.  
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