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To date the biologic role of hyaluronic acid (HA) remains obscure. Since many 
investigations 1 have suggested the possibility that  its degradation may be an im- 
portant  factor in the joint and collagenous diseases, several laboratories have under- 
taken physical studies upon this important  molecule. The results of the early 
streaming birefringence work of SNELLMAN AND BLIX 2 were compatible with the 
concept that  the undegraded HA isolated from either umbilical cords or vitreous 
humor was asymmetric. The results of other physical studies3,4, 5 appeared to be 
in agreement with this picture. 

Recently BLUMBERG AND OSTER 6 working with an umbilical cord HA made 
light scattering measurements which they interpreted in terms of a sphere. These 
authors note that  their deduction is compatible with conclusions 9 drawn from 
studies of the hydrodynamic properties of synovial fluid which contains appreciable 
amounts of protein in addition to HA. The chemical analyses reported by BLUMBERG 
AND OSTER suggest that  their sample contains chondroitin sulfate and possibly other 
impurities. Their conclusions that  HA is spherical is a variance with the recent light- 
scattering observations and conclusions of LAURENT AND GERGELY 7. The latters'  
data on an umbilical cord HA, free of protein but contaminated with 15 o/..,o chondroitin 
sulfate showed that  the particle scattering factors fell intermediate between those 
of the rod and coil models. They interpreted their data in terms of a rigid chain. 

The above apparent discrepancy may be due, in part, to contamination of the 
HA with low concentrations of protein, chondroitin sulfate, or other polysaccharide. 
These electrically charged macromolecules may, under appropriate conditions, 
complex with HA to form aggregates with different molecular dimensions and shapes. 
To circumvent this possibility we have examined the size and shape of HA employing 
a preparation free ot chondroitin sulfate, protein and other polysaccharides. To 
facilitate this purification the source of HA chosen was vitreous humor, a tissue 
containing little, if any, chondroitin sulfate, other contaminating polysaccharides 
or nucleic acid. This approach was taken with the possibility in mind that  the values 
of the molecular parameters of HA isolated from vitreous might indeed be quite 
different from HA isolated from other sources. However, it was hoped that  the size 
and shape of vitreous HA might be well defined and unambiguous when studied in 
this system, and that  this study might serve to throw light on the above apparent 
discrepancy. We have studied the sample under controlled conditions with the 
following techniques: sedimentation, streaming birefringence, light scattering and 
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electron microscopy. The data obtained suggest that the chondroitin sulfate and 
protein-free HA molecules are asymmetrical, not spherical. The purpose of this 
communication is to report the results of these studies. 

Isolation o/sodium hyaluronate 
The HA was isolated as the sodium salt by applying the detergent  method  of SIMMONS TM to the 
vi treous humor  n.  The dried material  was analyzed for C, N, H, Na, acetyl content,  glucosamine, 
sulfur and phosphorous.  The analyses seen in Table I indicated the p roduc t  to be pure. The HA 
displayed a single sharp peak in both  the Tiselius appara tus  and the ul tracentr ifuge (see Fig. I). 
The excessively fine and sharp boundary  persists to low concentrat ions;  this behavior  is charac- 
teristic of desoxyribonucleic acid (DNA), tobacco mosaic virus (TMV) and other asymmetr ic  
inacromolecules. 

TABLE I 

A N A L Y S E S  O F  S O D I U M  H Y A L U R O N A T E  F R O M  V I T R E O U S  H U M O R *  

% % Atoms/Atom oJ N 

Experimental Theoretical Experimental Theoretical 

N 3-46 3.49 I .o I.O 
C 40.09 41.8o 13. 5 14.o 
H 5.06 5.00 20.5 20.0 
Na 5.74 5.74 I .o 1 .o 
Acetyl 9.98 lO.7O 0.94 I .o 
Glucosamine 43.5 44 .6o 0.98 I .o 
S 0.03 o.oo - -  - -  
P 0 . 0 2 2  0 . 0 0  - -  - -  

* Analyses (except glucosamine) performed by 

I 
8 

Vitreous humor hyoluronic ocid 

_ m  

Dr. ADALBERT E L E K ,  Elek Microanalytical 
Laboratory,  Los Angeles, California. 
Nitrogen values obtained in our labo- 

[ |  ra tory  agreed with the above value. 

Fig. I. Vitreous humor  hyaluronic 
acid. A. Electrophoresis  of a o .3% 
HA solution in barbi tal  buffer, p H  
8.6, /~ = o . i . B .  Sedimentat ion of a 
0.3 °//o HA solution in 0. 3 M KC1, 

p H  7.28. 

Streaming bire/ringence 
Our measurements were performed with an apparatus similar in design to EDSALL'S 12 
and is described elsewhere 13. Confidence in the calibration and alignment of our 
streaming birefringence apparatus was obtained by concurrent measurements on 
ethyl cinnamate and TMV as standardizing materials. Excellent agreement with 
electron microsopy was obtained for specimens of TMV from the z-G relationships 
v i a  SADRON'S 14 equation: 

~.  ~i sin 2 Y,i 

(2) T a n 2 z  -- ,~ d i c o s 2 z i  

i 

Where Zi is the extinction angle of the ith species and Si the birefringence of the ith 
species. The purified HA was investigated as a function of concentration, over the 
tenfold range of 0.03 to o.3o%, at ionic strengths of zero and 0.3 and pH 6.5. It  was 
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noted  tha t  the  birefr ingence was marked ly  decreased when the ionic s t rength  was 
increased from zero to o.3. Dur ing  this ionic s t rength  change the birefr ingence- 
grad ien t  curve changed shape from tha t  of a typica l  " r ig id"  rod curve to the  "S"  
shaped  curved f requent ly  observed with flexible molecules 15. This f lexibi l i ty  was 
reflected again in the value  of 1.57 (at IX 0.3) for the  cons tant  K of Pe te r l in ' s  
equat ion 16 : 

K M  (I I - ~o) G 
( l )  Co t  2 g R T  C 

Where  Z is the ext inc t ion  angle, M the molecular  weight (in this  case, 1.27 • i o  ¢, our 
l igh t -sca t te r ing  value), R the gas constant ,  C the concentra t ion,  t t the  viscosi ty  at  
the  grad ien t  G at  which Z was observed and r]o the solvent  viscosity.  K has been 
shown to range from I.O for a "sof t"  or flexible molecule to 3.o for a " h a r d "  or stiff 
molecule. The shape of the  Z versus (~/--~o)GiC plots  a t /x  = o, and  Ix - -  o.3 and  their  
re la t ive  posi t ions suppor t  the  hypothes is  t ha t  the  molecule (or part icle)  a t  tx -= o 
is cons iderab ly  less flexible than  at  Ix = o.3. The value of K - -  1.57 places the  molecule 
in t e rmed ia te  between the "sof t "  and  " h a r d "  models  a6. 

The dimensions of the  par t ic le  were es t ima ted  from the values of the  z-G 
curves ob ta ined  b y  the ex t rapo la t ion  of the  d a t a  to the infini tely di lute  s tate .  The 
es t imat ion  of the  dimension employs  the  theory  of PETERLIN AND STUART 17 which 
assumes an ell ipsoid as the molecular  model. Plots  of the  z-G curves at  C = o are 
shown in Fig. 2. I t  is noted  t ha t  the  ma te r i a l  is polydisperse  and it appears  to cont rac t  
from an average value  of 5,5oo A to app rox ima te ly  2,5oo A. 

45 . .  ~;-- 

21 ~, . 

,6 " ' "  

t,,O00 

I.ooo 2,000 &ooo ~ x )  5oo0 
00~-') 

Fig. 2. Ex t i nc t i on  angle Z versus gradient  for  the in f in i te ly  di ]utesolut ions (c -- o) at  ionic strengLh 
i f = o ,  Z~ and ff = o.3 @. 

Light-scattering studies 
The l ight -sca t te r ing  me thod  is, 19 in con t ras t  to the  s t reaming  birefr ingence technique 
is a s ta t ic  one. In  the  h y d r o d y n a m i c  me thod  shearing forces opera te  on the par t ic le  
and  m a y  possibly  d is tor t  a flexible part icle.  In  the  l ight  sca t te r ing  procedure  there  
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is no applied force on the suspended molecule or particle and hence this system is 
free of this potential  source of distortion. On the other hand, the light scattering 
method has another possible source of error which effects molecular weight determina- 
tions. The molecular weight is a "weight"  average and hence extremely sensitive to 
relatively small concentrat ions of large aggregates or foreign particles. 

A modified Speiser-Brice light scattering apparatus  18 was used for these studies. 
I t  was calibrated in several ways, which included the Ludox technique 2°, the method 
deduced by Brice et aF s, the " s t andard"  Debye polystyrene 19 and a sample of 
polystyrene (sample I I I )  distributed by  the Commission on Maeromolecules of the 

Internat ional  Congress of Pure and 
Applied Chemistry2L The general agree- 
ment  obtained (including an accurate 
value for bovine serum albumin) indi- 
cated that  the calibration was correct. 
Since the HA particle was greater than 

i 1/15 the wave length of light used in 
this investigation (2 436o A) the 
simple Debye equation~9: 

H C  
(3) t3 c 

"r BI ' 

could not be used. Here H is the refrac- 
tive constant,  T the turbidity,  C the con- 
centration, M the molecular weight and 
B the much discussed first virial coeffi- 
cient. The value of du/dc found for the 
HA was o.168, io  a g/ml. This value was 
used to calculate H. Our data  were 
plot ted by the method suggested by  

0.1 0.2 - a.* u.,, tJ.5 ZlMM22 in accordance with the equation" 
Sin2 ~ ÷100 C 

Fig.  3. Z i m m  plo t s  of H A  a t  ionic s t r e n g t h  (4) K C  ~ _  I + B C  
/ ~ = o a n d  / z = o  4 . O r d i n a t e = K C / R 0 ,  absc i s sa  Ro = M P(o) 

= sin 2 0/2 + KC.  
where K = 16/3 ~H, R 0 is the reduced 

intensity and P (0) is the particle scattering factor22,19 and is given by 

c 2 0 (5) P(o) = i - -  c D 2sin 2 0 + __Disin 4 - -  + . . .  
3 2 I 2  2 

where D is the radius of gyrat ion and C = 8:' 9 (n/2) 2. In  this procedure a molecular 
dimension is obtained from D by assuming a model. The value of D is obtained 
from the Zimm plots shown in Figs. 3 and 4; it is the ratio of the initial slope divided 
by  the intercept. 

Plots of Z, the dissymetry (R4~/R~as), and the ratios of the intrinsic dissymetries 
at ix o and /x = o.3 and the data  of Fig. 3 once more suggested the possibility of 
marked changes in molecular shape or molecular interaction. Assuming, first relatively 
little interaction, as indicated by the low dependence of the z-G curve on HA concen- 
tration, we have tenta t ively  interpreted the changes in the initial slope of the Zimm 
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plot as dimensional  changes. Assuming the molecule (or particle) to be rod-like we 
obtain a length change of 6,700 A to 2,900 A. These values are in fair agreement 

. . . . . .~ /  o.o6~ ~/1od,,I 
0.35 0 /" 

. 

,* 0.25 

0.15 z ~ /  cattteir~.aata 
~ ~  • ~ Exf r~ le f ion  

0.1C 

I I I I I 
121 0.2 0.3 0./, _ 05 0.6 

Sin ~ -~ ÷ 100 C 

Fig. 4. Zimm plot. Data of Fig. 3 for HA_ at ~t = 0. 3 on an expanded scale. 

with the values deduced above from streaming birefringence measurements .  Since 
the la t ter  is a hydrodynamic  method, in 
which stresses could deform the molecule, 
it is par t icular ly  noteworthy that  the 
stress-free static light scattering procedure a~ 
yields comparable values. The nonconfor- 

O2 
mity  of the particle scattering factors with 
the s tandard  models is i l lustrated in Fig. 5. 

o.~ 
At ten t ion  is directed to the fact tha t  the 
experimental  points were furthest  from the 

"~Itz 0.6 sphere curve. These data are in agreement 
with the shape data and conclusions pre- ~0.s 
s e n t e d  by LAURENT AND GEROELEY 7 o n  ¢~® 

umbil ical  cord HA, bu t  they are not  in a- 0.~ 
greement with the conclusions of BLUMBERG 

ArCD OSTER tha t  HA is a sphere. 0.3 
I t  should be pointed out tha t  deduc- 

tions concerning shape from the da ta  t reat-  o.2 
ment  of BLUMBERG AND OSTER 6 on the one 
hand  and  LAURENT AND GERGELEY 7 and o.1 
the present s tudy  on the other hand  are 
somewhat different. The lat ter  workers em- 
ployed the method described by  DEBYE AN D 
ZIMM22, 19 while BLUMBERG AND OSTER used 
essentially the method of GUINIER .3. In  the 
procedure of GUINIER the dissymmetry,  
(9 o ° - 0 ) / ( 9  °°  + O) is compared with the 
ratio of the particle dimension to the wave 
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Fig. 5. Particle scattering factor, P (0) 
versus sin ~/9/2. Solid points represent ex- 
perimental values. Solid curves theoretical 
curves for sphere, polydisperse coil and 
monodisperse coil for radius of gyration 
of 1.2-Io s A at ionic strength /~ = 0.3. 
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length of light. This procedure appears to be less sensitive than the other method in 
the 2ooo A range. The deductions from the two procedures should be compared using 
a single set of experimental data in this molecular size range. 

The weight average molecular weight obtained on our sample was 1.2 7 . lO 6 , 
considerably lower than the values obtained for umbilical HA by both of the above 
groups. Nevertheless it was greater than the number average molecular weight 
recently reported by CHRISTIANSEN AND JENSEN 24 for their better preparations 
(3.3°,/0 nitrogen). LAURENT has found ~a that  HA from vitreous humor, as determined 
by light scattering measurements, is smaller (approximately 4 . 5 " 1 0  5 ) than his 
previously reported value of 2.4-4.31'1o 6 for umbilical cord HAE This finding 
suggests the possibility that  HA in the vitreous may have a lower molecular weight 
than comparable samples from umbilical cords. 

Mention should be made of the possibility that  HA particles or molecules may 
associate and aggregate in salt solution upo'n standing. We have not investigated 
aggregation quantitatively but have removed the small amount of extremely large 
aggregates, when present, before making light-scattering measurements. I t  is possible 
that  the higher values reported, 3-8" lO 6 , represent weight averages of samples 
containing a fair proportion of aggregates (either HA or HA-contaminant aggregates). 
The weight average value will, of course, be very sensitive to relatively small amounts 
of such giant aggregates. We have obtained some evidence of such aggregation in 
our electron microscope studies summarized below. 

Electron microscopy 

The following precautions were observed during electron microscopy. The distilled 
water employed in dilution was cleaned by passage through a millipore filter 26. 
When examination by light scattering showed the water to be free of particles it 
was used for dilution of the HA samples. The samples were shadowed at an angle of 
ten degrees and the particle diameters (2R) were obtained with the aid of the formula 
deduced by KAHLER AND LLOYD2V: 

2 A tan a/2 
2 R  

M t - -  t a n  a / 2  

where A is the shadow length from the edge of the particle and M is the magnification. 
Typical results are shown in Figs. 6 and 7. The HA is seen to consist of asym- 

metric (anisometric) particles (c/Y). Figure 6 represents typical fields at three 
di lut ions--f rom one to a million (c-f) and one to 200,000 (a). Fig. 7 is included 
to show a few of the larger aggregates. The large spheres are calibrated polyvinyl- 
toluene spheres of diameter 1,38o A 29. I t  is noted that  in addition to rodlike fibers 
of varying lengths and diameters there are a few small symmetrical particles of 
diameter less than 500 A (Fig. 6a, b, d and e). I t  was not possible to establish whether 
these symmetrical particles were also HA. 

In Fig. 7 are seen at higher dilution several examples of the longer fibers. These 
fibers varied in length from 3,000 to 6,000 A and were therefore comparable to the 
average lengths deduced from streaming birefringence and light scattering. The 
polydispersity of the lengths and the multiplicity of the diameters support the 
hypothesis, mentioned above, that  there is a tendency for aggregation. Calculation 
shows that  the diameter of a thread consisting of a single chain of anhydro-glucose 
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o b 
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e I / ,  f 

Fig .  6. H y a l u r o n i c  a c i d  f r o m  v i t r e o u s  ]/tllll()r. ~t. [ : 2 o o , o 0 0 ,  1). I : 5 o o , o o o ,  c, (I, e a n d  f, 
i ; [ , o o o , o o o .  T h e  t h r e a d  l ike  s t r u c t u r e s  v a r i e d  f r o m  a n a i n i m u m  of  i o .k to  d i a m e t e r s  g r e a t e r  t h a n  

l o o  A. I ; r a n i u m  s h a d o w e d - ~ o '  p o l y v i n y l t { f l u e n e  s p h e r e s  r , 3 8 o  A. 

rings could not possibly exceed 15 A. Because of lack of contrast it is very difficult 
to delineate particles of this order of magnitude but they may be detected in low 
angle shadow-cast preparations by the shadows they cast, and from these their 
dimensions may be deduced. Fibers of c a .  ro A thickness were seen in many of the 
fields examined. This finding is in agreement with diameters recently observed and 
described by JI~:NSEN a°. 

Enzyme experiments with three different preparations (Wyeth, Searle and 
Armour) demonstrated that substantially all the thread-like structures were sensitive 
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o b 
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e I F  f 
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Fig. 7. Hyaluronic acid from vitreous humor, a, b, c and d i : 1,ooo,ooo showing aggregated fibers 
sensitive to enzyme action, e and f same preparation following brief exposures to hyaluronidase 

showing the disappearance of aggregated threads and appearance of small globules. 

to the specific enzyme action of hyaluronidase and were therefore aggregates of the 
HA molecule. All solutions examined after brief exposure to low concentrat ions of the 
enzyme (less than  three tu rb id i ty  reducing uni ts  per ml of o.oI °o HA solution) were 
completely free of the threads. (Fig. 7 e and f). No quan t i t a t ive  change in the number  
of the small spherical particles was noted;  if .there was any  change at all it was an 
increase during the enzymat ic  depolymerization.  These small :q)herical particles may  
be seen, in Fig. 7 e and  7 f, to be less than  5oo A in diameter  and  identical with or 
very similar to the ones in Fig. Oa, b, d and e. We believe, therefore, that  the specific 
action of the hyaluronidase establishes the fact tha t  the thread-like particles, ranging 
in diameter  from Io A to Ioo A and from several hundred  angstroms in length to 
m a n y  thousands  are the HA particles. 
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We h a v e  n e v e r  o b s e r v e d  the  2 , Ioo  A sphe res  p o s t u l a t e d  b y  BLUMBERG .\NI) 

OST~R. Our  p r e p a r a t i o n s ,  f rom w h i c h  nea r ly  Ioo e l e c t r o n - m i c r o g r a p h s  were  m a d e ,  

c o v e r e d  a large n u m b e r  of s p e c i m e n s  of two  d i f fe ren t  H A  s a m p l e s  u n d e r  a v a r i e t y  

of e x p e r i m e n t a l  cond i t ions .  If  our  p r e p a r a t i o n s  h a d  cons i s t ed  of H A  in the  fo rm of 

2 , I o o  A d i a m e t e r  spheres ,  t h e y  could  no t  h a v e  been  missed .  
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SUMMARY 

i. A highly purifed sample of the sodium salt of hyaluronic acid (HA) was prepared free 
of contaminants from the vitreous humor. 

2. The HA was studied by ultracentrifugation, light scattering, streaming birefringence and 
electron microscopy. All of the data could be interpreted in terms of an asymmetric molecule 
of particle approximately 6,ooo A in length which contracted to approximately one half this 
value in the presence of ions. 

3- The data indicate a polydisperse material of weight average molecular weight 1.2 7.  lO s. 
4- Electron microscopy revealed thread-like particles which were sensitive to the depoly- 

merizing action of hyaluronidase. The particles were intermediate in form between a stiff rod 
and a flexible coil. There were no large spheres present and the dimensions and form seen in 
electron microscopy were in agreement with similar values deduced by light scattering and 
streaming birefringence studies. 

R~SUME 

i. Un 6chantillon tr6s purifi6 du sel de sodium de l'acide hyaluronique (HA), ddbarrass6 
des contaminants provenant de l 'humeur vitr6e, a 6t6 pr6par6. 

2. Le HA a 6t6 6tudi6 par ultracentrifugation, diffraction de la lumi6re, bir6fringence 
d'6coulement et microscopie 41ectronique. Tousles  r6sultats obtenus peuvent s'interpr6ter en 
fonction d'une asym6trie de la moldcule, qui mesurait 6,ooo A environ de longueur et qui se 
contracterait de moitid environ en prdsence d'ions. 

3. Les r6sultats indiquent un mat6riel polydispersd de poids mol6culaire nmyen i._, 7 .  l o  6. 
4. La microscopic 61ectronique r6v~ie l'existence de particules filiformes, sensibles ~ l'action 

d6polymdrisante de la hyaluronidase. Les particules ont une forme interm6diaire entre celle d'un 
bfitonnet rig/de et celle d'un enroulement irr6gulier flexible. On n'observe pas de sphbres im- 
portantes et les dimensions et la forme vues au microscope 61ectronique sont en accord avec les 
valeurs correspondantes d6duites des 6tudes de diffraction et de bir6fringence d'6coulement. 

ZUSAMMENFASSUNG 

i. Ein weitgehend gereinigtes Muster des Natriumsalzes von Hyalurons/iure (HS), ohne 
Verunreinigungen aus dem Glask0rper, wurde hergestellt. 

2. Die HS wurde durch Ultrazentrifugation, Licht-, Str6mungsdoppelbrechung und Elek- 
tronenmikroskopie untersucht. Alle Ergebnisse konnten durch die Hypothese eines asymmetri- 
schen, ungef/ihr 6,ooo A langen Molekiils erkl/irt werden, welches sich in Anwesenheit yon Ionen 
bis etwa auf die Httlfte dieses V~ertes zusammenziehen wiirde. 

3. Die Ergebnisse deuten auf ein polydispergiertes Material mit durchschnittlichem Mole- 
kulargewicht yon 1.2 7 • io 6. 

3- Die Untersuchung mit Hilfe des Elektronenmikroskopes zeigte fadenf6rmige, auf die 
(1.epolymerisierende Wirkung yon Hyaluronidase empfindliche Partikeln. Die Partikel zeigten alle 
Uberg/inge zwischen der steifen Stabform und der biegsamen, der Zufallsanordnung iiberlassenen 
Spulenform. Grosse Kugeln waren nicht anwesend, und die mit Hilfe des Elektronenmikroskopes 
gefundenen Ausmasse und Formen stimmten mit den durch Lichtdispersion und StrOmungs- 
doppelbrechung erhaltenen /ihnlichen \Verten tiberein. 

Re/ere~wes  p.  489  . 
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