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The solution behavior of four chitosans (91% deacervlated chitin) with different molecular
weights in 0.2M CH,COOH /0.IM CH,COONa aqueots solution was investigated at 25°C by
dynamic laser light scattering (LLS). The Laplace inversion of the precisely measured inten-
sity-intensity time correlation function leads us ‘to an estimate of the line-width distribution
G(T), which could be firther reducedto a translational diffusion coefficient distribution G(D).
By using a combination of static and dvnamic LLS results, i.e.. M, and G(D), we were able to
establish a calibration of D = kpM ™% withkp = (3.14 + 0.20) X 10™* and ap = 0.655 + 0.015.
By using this calibration, we successfully converted G(D) into a molecular weight distribution
f.(M). The larger ap value confirms that the chitosan chain is slightly extended in aqueous

- solution even in the presence of salts. This is mainly due to its backbone and polvelectrolvres
nature. As a very sensitive technique. our dynamic LLS results also revealed that even in dilute
solution chitosan still forms a small amount of larger sized aggregates that have been overlooked
in previous studies. The calibration obtained in this studyv will provide another way to charac-
terize the molecular weight distribution o/' chitosan in aqueous solition at room temperatiire.
® 1995 John Wiley & Sons. Inc.

ical properties. especially its biocompatibility and

INTRODUCTION
its ability to form films, fibers, and gels, chitosan

Chitosan. partially deacetylated chitin. is an im-
portant kind of natural biopolymer composed
mainly of two kinds of common sugars, 2-aceta-
mino-2-deoxy-D-glucose { N-acetyl-D-glucosamine)
and 2-amino-2-deoxy-D-glucose ( D-glucosamine).

Usually, chitin can be extracted from the outer .

shell of the crustaceans, shrimp and crab.! Due to
its unique solution, chemical, physical. and biolog-
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has already been extensively used in a variety of
biomedical apphcanons ‘such as bacteriostatic
agent, contact Tens, wound dressings, and 1mmu—
noadjuvant to name but a few.

Asa linear polyeleétrolyte,‘chntosan has both re-
active amino groups and hydroxyl groups. Its phys-
ical and solution properties changes with the sur-
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rounding chemical environment. When the pH
value is less than 6.5, chitosan in solution carries a

positive charge along its backbone, It is this cat-

ionic nature that makes it possible to be used in

dilute solution at concentration C (g/mL) and the
scattering angle 6, R,.(8) can be approximately ex-
pressed as '’

many biomedical applications because it can be at- = "%

tracted, or say, bound to usually negatively charged

tissues, skin, bone, and hair. It is known that its - *
binding ability depends on its chain conformation .
in solution and its molecular weight. Static =

(classic) light scattering and viscometry has been

widely used in the past to investigate these molecu-

lar properties.>® A number of methods have been
used to degradation of Chitosanas.* The Mark-
Houwink equations for chitosans with different de-
grees of deacetylation have been established.’
High-resolution nmr was used to determine the
acetylation sequences, the degree of N-acetylation,
and the distribution of N-acetyl groups in chito-
san.5” However, mainly due to its polyelectrolyte
nature, the characterization of molecular weight
distribution of chitosans in aqueous solution has
been hindered.

Recently, dynamic laser hght scattering (LLS)

as a newly established analytical method has found. -

its application in the characterization of various
special types of macromolecules including poly-
electrolytes, such as dextran® and gelatin.’ The ad-
vantage of using dynamic LLS over other methods
are mainly attributed to the following aspects: first,

it can analyze macromolecules in hostile condi-
tions, such as in strong acid and at high tempera-
ture; second, its calibration depends only on the

type of solvent and temperature, but not on a par-
ticular LLS instrument; third. it is a nondestructive
method.

It is our objective in thlS studv 1o estabhsh acal-
ibration between the measured translational diffu-

sion coefficient D in dynamic LLS and molecular
weight M. This calibration is directly related to the
chain conformation of chitosan in agueous solu- .
tion. With this calibration, we are able to calculate
the molecular weight distribution f, (M) from the

translational diffusion coefficient distribution
G (D) measured in dynamic LLS.

BASIC THEORIES
Static Light Scattering

The angular dependence of the excess absolute
nme—averaged scattered intensity, known as the ex-

cess Rayleigh ratio [R,,(8)], was measured. Fora -

N KC 1/, ’;1 y 2N 3
. ~—f14=(R2 2)+2A c (1
oo Ro(8) Mw.(_ 3< ‘?f’\_, ’ o

" where K = 4x2n2(dn/dC)2/(NNS) and g = (47n/

Ao)sin(6/2) with N, dn/dC, n, and Ao being
Avogadro’s number, the specific refractive index
increment, the solvent refractive index, and the
wavelength of light in vacuo, respectively. M,, is the
weight average mass of dissolved polymers; 4,, the
second-order virial coefficient; and (R{)!?, or
simply R,, the rms c-average radius of polymer. By
measuring R,,(8) at a set of C and 6, we are able to
determine M., R, and 4, from a Zimm plot that
incorporates the dependence of KC/R,,(8) on
both C and 6 in a single grid.'°

Dynamic Light Scattering

An intensity-intensity time correlation function
G®(nAr, 8) in the self-beating mode is normally
measured, which has the following form'"'2:

G"’(z 0)—(1(: 8)1(0,8))
= AL+ 8180, 0)12)

(2)

where A4 is a measured basclme ﬁ a parameter de-

" pending on the coherence of the detection; ¢, the

delay time; and | g!"’(¢, 8)}, the normalized first-
order electric field time corrglation” function.
{ g417(¢, 8)1 is related to the line-width distribution

G(T) by
18, 0)] = (E(, )E™0,0))

G(T) can be calculated from | g’ l"’(i 6)1; by i.a-
placeinversion. F normally dcpcnds on both Cand
8 asl} W14 . : . .

r

77 DU+ RO A (R (&)

where k, is fhe diﬁ'usi&n second viﬁai coéfﬁcient B
and fis a dimensionless number. At C — 0 and :
§—+0,T/q>—D.

Vel e
PRSP S



—_
&0
s 400}
g
S’
w o 3.00 - 1
= .
™ 200t
—~
2
> C=0
%’ 1.00
)
X 0.00 : : -
0.00 0.70 1.40 2.10 2.80

(@* +kC) /10"

FIGURE 1 Typical Zimm plot of chitosan 4 in 0.2M
CH;COOH /0.1 A1 CH;COONa aqueous solution at 25°C.

EXPERIMENTAL METHODS

Sample Preparation

The method of cleaning and extracting chitin from Crab-
shells can be found elsewhere.* Chitosan with 91% deace-
tylation was obtained by heating dried chitin in a NaOH
solution (47% w/w)at 62°C under nitrogen atmosphere.
The exact degree of deacetylation was determined by the
colloid titration method !* and by ir spectroscopy ( Model
PE-580B) method.'® Chitosans with the same degree of
deacetylation, but different molecular weights, were ob-
tained in a hydrolytic degradation of chitosan chain in
acid solution of acetic acid (20% v/v) under nitrogen
atmosphere at 70°C. The solutions after hydrolysis at
different time were treated with NaOH solution and ace-
tone. The longer the time, the lower the molecular weight
of chitosan will be. Four such obtained chitosans were
obtained and used in this study. They are labeled as chi-
tosan 1-4 thereafter. All LLS chitosan aqueous solutions
were prepared by first dissolving a certain amount of chi-

“tosan in 0.2M CH;COOH /0.1 M CH;COONa aqueous
solution. and then clarified with a 0.5 um Millipore filter
in order to remove dust.
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Laser Light Scattering (LLS).

A commercial LLS spectrometer (ALV /SP-125 together
with an ALV-5000 digital time correlator, Langen in
Hessen. Germany) was used with an argon-ion laser
(Coherent INNOVA 90, operated at 488 nm and 109
mW) as light source. The primary beam is vertically po-
larized. In our present setup, the value of 8 is about 0.85,
which is rather high for an LLS spectrometer capable of
doing both static and dynamic LLS measurements, so
that we are able to do dynamic LLS in a very dilute solu-
tion. The detail of LLS instrumentation and theory can
be found elsewhere.!'''2. All LLS measurements were
done at 25.0 = 0.1°C. All measured time correlation
functions were analyzed by the Laplace inversion pro-
gram (CONTIN) equipped with the correlator.

Specific Refractive index Increment
(dn/dC)

It is vital in static LLS to have a precise value of dn/dC.
since the measured M, is proportional to (dn/dC)™2.
Recently, a novel differential refractometer was designed
and constructed in our laboratory.'” The whole refrac-

" tometer mounted on a small optical rail is only 40 ¢m in

length, 10 cm in width, and 15 c¢m in height. which can
be incorporated into any existing LLS spectrometer.
wherein the laser, the thermostat. and the computer are
shared, which enables us 10 measure the refractive index
increment and the scattered light intensity under the
identical experimental conditions, so that the wave-
length correction is eliminated. After equilibrium dialy-
sis, the measured dn/dC of the 91% deacetylated chito-
san in 0.2M CH;COOH/0.1 M CH;COONa aqueous
solution at 25°C and 488 nm is 0.190 % 0.001. It is
slightly lower than the reported value of 0.194 at 25°C
and 436 nm, * which is very reasonable since dn/dC oc A2,

RESULTS AND DISCUSSION

Figure | shows a typical Zimm plot of Chitosan 4
in 0.2M CH3;COOH/0.1 M CH;COONa aqueous

Table I Summarization of Light Scattering Results of Four 91% Deacetylated Chitosans in Aqueous

Solution at 25°C

107 M, 10° 4, R,  10*D R, _
Sample (g/mol) {mol-mL/g%) (nm) {cm?/s) (nm) RyR,
Chitosan ! 3.45 76 82.5 5.90 40.2 20
Chitosan 2 2.46 6.0 585 7.10 344 1.7
Chitosan 3 1.57 . 4.7 .. 474 .« 935 25.9 1.8
Chitosan 4 . 1.06 . 6.0 34.4 127 19.2 1.9

J
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FIGURE 2 Plotof Ry vs M,,, where the line represents
a least-square fitting of Ry(nm) = 2.4 X 10247044

solution'at 25°C, where C is in the range of 0.496-
1.98 mg/mL. On the basis of Eq. (1), we were
able to calculate the values of M,,, 4,, and R,

from the extrapolation of [KC/R.,.(8))so. c~0,
[KC/R\(8)Jsmo vs C.and [KC/Ruu(8)]co vs g2,
respectively. The results are summarized in Table
I. The positive values of .4, shows that the 0.2 M
CH;COOH /0.1 M CH;COONa aqueous solution
is a good solvent for chitosan at room temperature.
In comparison with a flexible polymer chain with a
similar chain length in good solvent. such as poly-
styrene in toluene, the values of R, are larger.'®
These larger R; values suggests that chitosans are
more extended in aqueous solution. This is under-
standable since in acidic condition chitosan is a
cationic polyelectrolyte. The repulsion of the posi-

‘ive charges on the amide groups along the back-

bone chain will certainly make a more stretched
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FIGURE 3 Typical diffusion coefficient distribution
G(D) of chitosan 4 in 0.2M CH,COOH/0:IM
CH;COONa aqueous ‘solution at 25°C at C - 0 and
68— 0.
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FIGURE 4 Plot of D vs M, where the line shows a
least-square fitting of D (cm?/s) = 1.92 X 1074 M064: -
and the dotted line. D (cm?/s) = 3.14 X 1075070565

chain even though CH;COONa as an electrolyte
has been added in solution. Besides the polyelec-
trolyte effect, the N-acetyl groups also 1nﬂuence the
chain conformation.'? :

Figure 2 shows a double loganthm:c plot of Ry

‘vs M.,,. The line represents a least-square fitting of

(nm) kRM a‘Wlth kR-—(24+O’)X 10-7

antﬁ ar = 0.64 % U.02, which shows that chitosan

has an extended chain conformation in 0.2M

.CH;COOH/0.1 M CH;COONa aqueous solution

at 25°C, since for a flexible polymer chain in good
solvent, ap < 0.6 in theory.

Figure 3 shows a typical translational diffusion
coefficient distribution G{ D) of chitosan 4 in 0.2 M

‘CH;COOH/0.1 M CH;COONa aqueous solution
at 25°C at C — 0 and 6 — 0. The long tail of G(D)

indicates that the molecular weight dlstnbunon 1s
broad. It should be stated that G(D)is a z- or in-
tensity-weighted distribution. After having G(D),

we were able to calculate the z-average transla-
tional diffusion coefficient D= [% s G(D)D dD],

and theén the average hydrodynamic radius Rh by
replacing D with D in the Stokes-Einstein equa-
tion, R, = kgT/(67nD) where kg, T, and n are the
Boltzmann constant, the absolute temperature,
and the solvent v1scos:ty, respectively, The caicu-

‘lated values of D, Ry, and R,/ R, of four chitosans

are also listed in Table . The ratios of R s/ R, are
slightly larger than the values (1.5-1.8) observed
for a.flexible polymer chain in good solvent,?®
which further shows that chitosan has an extended
chain conformation in-0.2M CH,COOH/0.1 M
CH;COONa aqueous solution at 25°C. -
Figure 4 shows a double logarithmic plotof D vs

_M The solid line shows a least-square fitting of D

==
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(cm? /s)= CkpyM <0 with (kp) = (1.92 %£0.10)
X 107 and (ap) = 0.64 * 0.02, where the angle
brackets means that the values were obtained from
D and M., instead of D and M. This is actually a
calibration between D and M,,. As expected for an
extended polymer c¢6il, ap is larger than 0.6. With
such a calibration, we could transfer G(D) into a
molecular weight distribution by using the follow-

ing principle.
On the one hand, in the definition of Lg" (),
when (- 0,

L&) ] 1~0 = {E(1) E*(0) Do
« '5)
=j; G(Ydl c 1 (

On the other hand. in the static LLS experiments.
when C — 0 and 8 —» 0, the net scattered intensity

zocf:fw(M)MdM (6)

where /(M) is a weight distribution. A comparn-
son of Egs. (5)and (6) leads to

r G(r)drocf:f,,(M)MdM .
| 7
« [ 6oyap o

where we have changed T jnto Dsince I' = ¢°D. In -

the spaces of log(M) and log(D), we can rewrite
Eq.(7)as '

J;‘ G(D)DdIn(D)
o (®)
o fo S MYM? dIn(M)

where 4 lﬁ(D) can be replaced by dIn( M) since D
= kp, M~ %0, which furtherleadsto =

G(D)D
MZ

So(M) x G(D)D'*¥e>  (9)

It should be noted that in our above discussion we
have omitted all proportional constants since they
are irrelevant to a given distribution. From f,, (M),
we can calculate M, by its definition,
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fw(M)MdM

f f(MYdM

(’_A!\w_)calcd
(10)
k”‘*nf G(D) dD -

f G(D)D”"Da'D

where we have used dD o« M~"“0*". dM on the'

basisof D = kpM™®p..

After replacing &, and apin Eq. (10) with (kp)
and {ap), we obtained the values of (M, )eica for
four chitosan. It was found that they are much
lower than the measured M, values from static
LLS. This has not surprised us since (kp) and
{ ap) obtained from those broadly distributed sam-
ples should be different from kp and ap for a set
of monodisperse samples. For chitosan, it is very
difficult to have a set of narrowly distributed stan-
dards with different molecular weights, but the

_ same degree of deacetylation. In the past, ® we de-

veloped a method to obtain kp and ap, instead of
{kp)and {ap), from two or more broadly distrib-
uted samples. Just. for the convenience of discus-
sion, we outline thxs method in the following:

For two samples, we have two M, from static
LLS and two G(D) from dynamic LLS, denoted as
M, M., G (D),and G,(D). On the basis of Eq.
(10), we are able to obtain two calculated
(M )c-lcdy denoted as (Mw.l )calcd and (Mw..’. )cnlcd
The ratio of (M. aaicd 10 (Mu.2)caica i

( M, w, ! )calcd
(M w2 )calcd

| U“ G.(D)dDHfQ Gz(D’)Dl/andD] (11
= 0 0 o

[fm G,’(D)dp][r G(D)D"*o dD]
0 0 :

Two calculated (M., )euce values should equal the
two measured M, valucs from static LLS. This im-
plies that the left side of Eq. (11) can be replaced
by M.,/ M., ;. Therefore, there exists only one un-
known parameter ap in Eq. (11). With a proper
choice of «p, we will be able to minimize the
difference between the two sides of Eq. (11). For ¥
samples, we can define two error functions as

e M
ERROR (ap) = 3 [,\A;—EM; i
w,j w, j Jeale

imy, jm}
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FIGURE 5 Typical plot of ERROR(aD).Iwhcre the
minimum value of ERROR(ap) corresponds t0 ap
= (.665 [see text for the definition of ERROR{ap)]...

and

ERROR(kp) = Z [Musx = (Mui)eaes]?(13)

k=i

By iterating ap. we can first find a value of ap to
minimize ERROR (ap);and then with this ap, we
can iterate kp to minimize ERROR (4p). Now, we
have to ask whether ap and Ap calculated in this
way are well defined. :
 Figures 5 and 6 show typical plots of
ERROR(ap) vs ap and ERROR(kp) vs kp, re-
spectively. In*Figure 5. there is- a ‘minimum of
ERROR(ap) at ap = 0.665. For each chosen ap,
Figure 6 shows that there is a well-defined mini-
mum value of ERROR (&p). Considering both ap

6.00 .
? H
= i - ¥
2 |
= i
=~ .
g 200 ©° 06 ap = 0,695,
o |

000 L\ | @D = 0.665

U140 02,40 340 440 540

| kp, /10*

FIGURE 6 - Typical plot of ERROR(kp), where the
overall minimum value of ERROR (kp) corresponds to
ap = 0.665 £ 0.015and kp = (3.14 2 0.20) X 107*[see
text for the definition of ERROR (kp)].

150

f.(M)

M, / (g/mol)

FIGURE 7 Four weight distributions calculated from
G(D). (O) Chitosan 1, (O) chitosan 2, (<) chitosan 3.
and (A) chitosan 4 ( see text for detail ).

and kp, there exists one overall minimum value of
ERROR(kp). At this overall minimum point, ap
= 0.665 and kp, = 3.14 X 107*. It should be noted
that ap in Figure 5 is not as well-defined as kj in
Figure 6. After considering all experimental un--
certainties, we have ap = 0.665 = 0.015 and &p
= (3.14 + 0.20) X 107*. The paired values of ap
and kp defines a calibration between D and M,
which is plotted in Figure 4 by the dotted line. After
having this calibration, we were ready to convert
G(D)into f,,(MY. -

Figure 7 shows four weight distributions f,(M)
of chitosan 1 (0J), chitosan 2 (O), chitosan 3 (<),
and chitosan 4 (V), respectively. On the basis of
these four distributions, we were able to calculate
(M:)ulcdv (Mw")calcdv and (1‘“{ n)caléd~ The values of
(M ciicas (Mu)eaical My, and the calculated poly-
dispersity index (M::M,)aweds (Mu:Mp)aca are
summarized in. Table II. Chitosan | has a narrower
molecular weight distribution, which is reasonable
since the hydrolytic degradation ‘of chitosan 1
should produce a certain amount of low molecular )
weight species. This is why the main difference in
the four distribution is in the range of low molecu-
lar weight, which leads to a big difference in M: M.

Before we conclude this study, it should be
poiuted out that at higher concentration, chitosan,
especially those samples with higher molecular
weight, will form larger aggregates even in 0.2M
CH,COOH /0.1 M CH,COONa aqueous solution.
It seems that this type and amount of low molecu-
lar weight electrolytes is not able to completely
eliminate the polyelectrolyte effect and hydrogen
bondirig between different chitosan chains. -

Figure 8 shows a typical diffusion coefficient



Laser Light Scattering of Chitosan 391

Table II M, and the Polydispersity Index M::M.:M,.‘of Four 91% Deacetylated Chitosans
Calculated from G(D) by Using the Calibration of D = 3.14 X 107 M0

10—5 (Mw)clkd e R
Sample P {g/mol) i (M::Mn)alci;‘ . (M\av_/iMn)alc'd N (Mw)qﬂcd/Mw
Chitosan | 3.45 8.02:1.00 © 1.98:1.00 1.00
Chitosan 2 243 23.9:1.00 2.38:1.00 0.99
“Chitosan 3 1.60 29.0:1.00 2.33:1.00 1.02
Chitosan 4 1.05 _ 20.7:1.00 2.41:1.00 0.99 -
distnbution G(D) of chitosan 2 at § = 45° and C CONCLUSION

= 1.15 mg/mL, where the peak with a lower D
value represents the larger aggregates. Since G(D)
s a z- or an intensity-weighted distribution, i.e.,
G(D) o fL{ M)M? in the logarithmic space. the
larger area under the peak with a lower D value ac-
tually represents a very small amount of aggregate
in terms of number. This small amount of aggre-
gate has been overlooked in other types of experi-
ments, such as in viscometry and even in static
LLS, which leads to a larger weight average molec-
ular weight (W. Wang, unpublished results). This
might partially explain that «, (0.880) in the re-
ported Mark-Houwink equation is lower in com-
parison with the value of p (0.665), where a5 and
a, are related by ap = (1 + a,)/3 according to
Flory.?' In our future study, special caution will
have to be taken when we characterize chitosan in
aqueous solution. In order to avoid the aggrega-
tion, a very dilute solution has to be used.

1.20
%
°
0.90 - : °
L]
~ - : o
8 060} °
) 9%
-] -] o -]
0.30 | ° °
] [} o °
° 050
0
0.00 bl Loaa vl NS YY)
10° 10* 10” 10%
2
D /(cm®/s)

FIGURE 8 Typical diffusion coefficient distribution
G(D) of chitosan 2 at § = 45° and higher concentration
(C = 1.15g/mL). where the peak located at the lower D
side represents larger aggregates.

Four 91% deacetylated chitosans, a kind of poly-
electrolyte, have been successfully studied by a

‘combination of dynamic and static laser light scat-

tering in 0.24f CH;COQOH/0.1 M CH;COONa
aqueous solut:on. Both our dynamic and static
light scattering results consistently show that chito-
san has an extended chain conformation and a ten-

-dency to aggregate in aqueous solution even in the

presence of a certain amount of low molecular
weight electrolytes. In this study, we have estab-
lished a calibration between molecular weight (M)
and the translational diffusion coefficient (D), i.e.,
D = 3,14 X 107 M %5 which leads to another
way of characterizing not only the weight average
molecular weight of chitosan, but also its molecu-
lar weight distribution. It is worth addressing that
as long as the characterization is carried out in the
same solvent and at 25°C, this established calibra-
tion between D and M should hold no matter what
kind of laser light scattering spectrometer will be
used.
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