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HICROCRYSTALLINE CHITIN: ITS PREPARATION AND PROPERTIES

J, R. Deschamps and J, 8, Castle
College of marine Studies, University of Delavare, Levee, Delaware 1.9958

Nicrocryscalline chitin, a partially degraded lov molecular veighc chitin, hss apparent
potential in both medical and nucrition applications. Procedures for making microerystalline
chitin vere desct ibad by Dune and Farr �974! and have been improved by Austin and Brine
�981!. In the latter pracedure, better control of the molecular weight of the product vas
achieved. However, same residual phosphorus from che hydralysis procedure ves present in che
final product snd seemingly affected ics properties. In a further modification of the Austin
and Brine procedure, described in this paper, s phosphate-free product has been abtafned, and
this macerial has improved solubility vs. other mieroerystalline ehitins. The crystal structure
was disrupted by the presence of phosphorue, as indicated by x-ray diffraction. The phosphor~a
appears to be present as a phosphate selt of the free amine groups in the chitin and can be
removed by washing vith dilute sodium hydroxide. Scanning electron microscopy of microeryscalline
chitin showed evidence of a subunit structure,

* «»» *»» * *

Nfcroerystallfne chitin vas first described by Dunn, et al, �974! in the farm of s thixo-
tropic suapensian. Io general, mfcrocrystalline palymers are prepared by s combination of
chemical degradation and high-speed shearing  Satcista, 1975!. For exsmpl», micro«rystafifne
cellulase is prepared by digestion with hydrochloric a«id falLaved by high-speed shearing. The
original process far making mieraerystalline chitin  Dunn et al., 1974! is derived from the
microcryscalline celtulose cechnalogy as ic uses hydrochloric acid  ar ache« mineral »aids! to
accomplish the chamisal degrader,ion. When this process is applied to chitin there fs an apparent
large decrease in molecular weight in the first five minutes of said treatment, indicating
extensive molecular degradation through capid hydrolysis  Austin and Btins, 1981!.

A mote»f factive procedure for preparing mieroeryscalline chitin uses a solution of phospharir
acid in 2-propanal for the hydrolysis  Austin and. Seine, 1981!. In this vsy better control of
the hydrolytic degradatian ean be achieved. The produce from the Austin and Brine procedure
consistently has a levo  -! optical rotation as does native chitin. Additionally ~ this procedure
ptaduces a friable, easily di»per»able powder. The procedure af Austin and Brine is as fol!ows:

A slurry af chitin �50 g KY-IO chitin, hercules, Ine.! in phosphorie acid  85Z; 475 ml!
and 2-propanal �  ! was gradually heated to boiling in a 4-liter beaker on s hot place vhile
mechanically scircing for a period of cvo hours. It vas then quenched with tap-water �.5 c!
and left a«, roam temperature far 15 minutes. Th» slurry va» chen centrifuged ac 2000 rpm usfng
an Internacianal eentt'ifuge, model V-2. On removal of ehe supernatant liqufd, the chitin vas
washed tviee vith hot vater fal! owed by one wash with acetone. After each wash �5 minutes!
the slurry was again centrifuged and the supernatant liquid removed.

This product was filtered under suction and sheared in water ming a Waring "blendor" ae
20,500 rpm. The emulaiaa thu» obtained was evenly spread on crays and free»a-dried. The dty
microcryscalline chitin was then s«b!meted to a dry shearing peace»a using a Waring "blendor"
at high speed �0,500 rpm! and finally ground CO a 40-mesh white powder using a Wiley laboratory
mill. The yield af micraeryscslline «hitin vas 125-130 g.

Although this pro«edure offers greseer eon«rol af molecular veight �5,000-5,4001 ft is
not without its limitations, The mferacrystaf line chitin prepared in this manner typicallv
contains 0.4-0.8Z phosphorus aad has limited soiubilicy in the N,N-dfmethylaeetamfd»-LICI
so!vent system used for chitin  Austin, 1977!.

8! fec s of . has hocus on microcr stalliae chitin

In an attempt to improve the salubflity of che Austin and Brine mice'ocrystalline chicin
tha nature of the associated phosphorus was studied. Infra rad. spectroscopy india»ted c~ace
amounts af phosphorus presen«. in same type of P-0 lfnkage. The phosphorus content vas faund co
be unaffected by treatment vich lithium botohydride, a sttong reducing agent, and cauld only be
partially removed by extract fan with aqueous hydroehlorie acid. However, dilute aqueous sodium
hydroxide removed all of che phaspharus rapidly. This observation, coup!ed vich the praviaus
information, indi«aced th» presence of a phosphare salt af che tree»mine groups in the mfero-
cryscslliaa ehicfn.



z-ray diffraction af microcrystalline chitin containing various amounts of phosphorus
showed changes in Che crystal structure thac became more pronounced at higher concentrations of
phosphorus  Table 1!. Noce th» shifts in the d spacing relative to KY-10 chitin, the starting
material for all three microcrystslliae chitias,

Table 1. The effects of phosphorus on the crystal structure of microcrystalline chitin.
4

d Spacing  A!
Nicrocrystallfae Chit'in

KY-10
Q.QOZ P 3.$8Z P2.98Z P 3.49Z P

some broadening of the diffraction bands was observed fn the mfcrocrystalline chftias aad may
be due to the presence of phosphate salts.

Noc only is the crystal structure of the microcrystalline chitin affected, but eisa its
properties. As mentianed earlier, che phosphorus containing microcrystslline chftin is less
soluble in N,N-dimsthylacatamide LfCI than is che parent chitin. Phosphorus-free microcryscal-
line chitfns, prepared by washing microcrystalline chitin with dilute aqueous sodium hydroxide,
have an increased solubility over the phosphorus-containing product having a solubility equal
co the parent chitin.

or phosphate salts, also has an efi'ect on the dispersibilicy
product containing about 2.5Z P forms stable thfxocroyic
?2Z down. to 10Z. Phosphate-free product forms a paste at a

t form s creamy dispersion. At a cancentratfon oi 14Z the
separate from che water, Addition of a dispersi~g agent, such

free product will produce a creamy, stsbl» dispersian. Ic
act *s self-dispersiag agents.

Pre grecian of h e hate free microcr stalling chitin.

1'nformatioa gained ia the scudy of phasyhorus in microcrystalline chitin wss used to
modify the pracedure of Austin and Brine to produce a phosphate-free product. The folloving
procedure vss evolved:

Chitin �50 g Naders chitin, Madera Products inc.! wss suspended ia a solutian of 1250 ml
2-propenol and 473 ml $5Z phasphoric acid. This mixture was heated co its boiling point  about
$0'C! vith canataaC stirring end maintained at that temperature for 1.5 h. The mixture vss
then quenched with 1 liCer af tap water snd Che supernatant liquid removed by centrifugation,
The solids were than washed vich lZ sodium hydroxide until a neutral or alkaline pg vas reached
� washes were usually sufficient!. Then washed cvice wich cap water and once vith deionized
water.  The supernatant liquid vae removed by centrifugacfon between washes.! The solids were
transferred to a Waring "blendor" with approximately 2.5 volumes of deionised water ~ s minimum
quantity needed for satisfactory sheering to praduce s mayonnaise like product. The sheared
product was then placed fn a tray aad fresco-dried.

Subuait structure.

When a mfcrocryscsllfne chitin dispersion wss viewed through a phase contrast microscope
ft was observed t.hst a large porcion of the particles vere 8-12 microns long vith some as small
as 4 mfcroas  Figure 1! plus s small population of large  greater thea 100 nitrous! particles,
Closer examination af the surf'sce of these large particles by scanning electron micrascopy
 sEN! revealed what may be a regular subunit structures  Figure 2!, which give rise to the
mfcrocrystais seen in Pigure 1. Note the partially unhinged crystals  A! in Figure 2 and tha
agglomsracions of crystals  8!. Csrdner aad Bleckvel,l �971! describe ribbons vith widths of
200-300 angstroms in chitinous diatom spines. combinations of these units, ot similar structures,
could be responsible for the apparent subunics observed in microcrystalline chitin. The uniformity
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3.55

3.30
2,96

The presence of phosphorus,
of the microcrystsllfne chitia a
dfspersions at concentrations of
coacentratfon af 22Z aad dose no
phosphate-free product begins co
as "Tween 20," to the phosphate-
apyears that cha phosphate salts
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Figure I. Aqueous dispersion of microcrystsl-
line chitfn viewed under phase eantrast.

Figure 2. Surface feature of s large nicro-
crystslline chitin particle as seen in SEN

of the particles in Figure I along with the rs ulsr er sts
suggest that the si f h

wi e rsgu sr crystalline features seen in Figure 2
s s te o t s particles in the final roduet ns

structure in the chitin,
p u y be conrrallsd by s subunit

2! A modified proredure, us1ng dilute sodium hydronfd
a phosphate-ftea mierocrystslline chfti . Thi

y ron ~ washes, has been develo ed th h p o predate

solubility in DNAe-LiCI over mferoerystallf hf
s phosphate-free product has an

a ne c tins containing phosphorus.
increased

3! The phosphate salts present in the Austfn snd Brine nfcrocr stalli e h
agents snd fmprave the t bfli f hs e ty o t s dispers1ons

crocrys a ne chitin srt as dispersing

4! Particle site in microetystslline chitin dispereians is generally 8-12 mierans.

5! Particle si se in microcrystsllins chitin appears to be determined b
within th» chitin,

e s ne y a subunit structure
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CHEMISTRY OF CHITIN ISOLATES

P, R. Austin, G. A. Reed and J. R. Deschamps
College of Marine studies, University of Delaware, Newark, DE, USA, 19711

ABSTRACT

Chitins vary in chemical and physical praperties as a function of source and
method of isolatian, and are apprapiately termed chitin isolates . Representative
commercial and laboratory chitin samples were faund to contain substantial and
differing amounts of amino acid residues.

chemical reactions of the alkyl N-acetylglucosamine  GlcNAc! clycasides, as
prototypes of the chitin isoLates, provide insight as ta the behavior of these
biopolymers. For example, «ertiary amide-l.iC1 solvent systems for the chitin
isolates appear to function by exchange of the complexed salt fram solvent to
polymer, as in the case af the alkyl GlcNAC glycasides. New tertiary amide-Licl
solvents have been found, but offer little advantage aver known systems.

Other monomer-polymer parallels are indicated in the effects of c-2 sub-
stituents on hydrolysis and anomet'ization. Stabilization of the glycoside linkaae
by a free C-2 amine group apparently accounts far the unusual resists.nce af
chitosan to acid hydrolysis. Anomerization af portions of the 5-glycosidic ban«!s
and consequent disorder af polymer chains may contribute ta the variatian in
properties of chitinous products.

INTRODUCTION

In the period since the first chitin/chitosan conference in 1978 there has
been much clarification of many of the subtleties of the chemi,stry af chitin
isolates. Both our own research and the capiaus flaw of publications warl.dwide
have contributed to this understanding. In particular, variation in chitin
properties has encouraged the reporting of chitin saurce and history in many
investigations,

The chemical reactions and physical praperties of the monameric alkly N-
acetyl-D-glucosamine  OlcNAc! glycosides have been found guite comparable and
predictive of the behavior of the mare complex chitin isolates and chitosan. It
is this theme that will be elabarated here, especially with respect ta the are-
valance af amino acid residues in chitin isolates, factars affecting the disso-
lution of chitin in tertiary amide-I iC1 systems and the effect af C-2 substi tuents
on the chemical behavior af the glycasides, including chitin and chitasan.

EXPERIMENTAL

Ha«erials and Methods. Commercial chitin was cb«ained from several sources: Dungenmss crab
ic ~l, p k I ii ii ii' i i' ~ i il ~ i i IP i id 1ii* ~ i i
the former Food, Chem. 4 Res. Lab., Seat«le, wA; Japanese ted crab  Cbioqactex ~oilic! from
Eastman Kodak co., Tanner  snow! crab  Cbiqqeca«es bairdi! from Hadeta Ptqduc«s, Lnc., Albany,
OA: and brown shrimp  Panaeus as«acus! free ! ercuies, Inc.  no 1qnger suppliers!, Horseshoe crab
  imu!.us ~Lhemusl  local, uncslcified! chi«in was LsoIa«ed by traa«ment with 5t HaQH at toom
«empora«ure, Chitin from the blue crab ICallLnec«es ~sa idus! vas prepared by «tea«men« of ground
local shell materia1 with 1 H Hcl soiqtioq a« room temperature, folIowed by 1 H NAGH solo«ion at
50 C for 6 hr, washed with deiqniced water, then ace«one and ait dried. Ethyl GL«HAc glycoside
 tom PtanstiehI Laboratories, Inc., Waukegac, IL, was recrystallized from a 2-prqpanoL-ethyl
ace«ats �:2! mix«ure �!. Dthrr cbemiqais vera qb«mined from rommmtciaL suppliers and purifLed
as requited. Amino acid analyses were catrimd cut oo 4 Durrum D-500 amino acid analyser following
procedure dstaLLed pteviously �0! . Data given in Table 1 ars the average of «wo determinations.

Ei fart Of LLC1 on tical Rotation of 8th 1 GlcNAc Gl coaide. To compare the effect of LLCI ic
chitin soivent systems with «b» simplez' monommriq glycoside, the effec«qf LLCL concentration qq
«h ~ optical ratatiOn Of athyl GLCSAc glyrqaide Ln ethanOL Wca de«erminad. Anqmer ratiO Cf «*S«
glycoside sampla was 83:l7  a:8!  Lc water!. Experiments vere carried out in absolu«e ethanol a«
45 Cs change Ln rotation occurred Ln about 1 minute. Specific ro«a«ion, [cj was calcula«ed ftqm
the observed angle of rotation, i w 2 dec., c ~ coco, of glycoside, 0.1N, e«LuaL «o 0.0249 g/mL:
[aj of a-glycoside smomer Ls +134, [oj of 8-scorner i ~ -44,3  water! �6! . Aesul«x are detailed
iq Fable 2. D

Chirq «ical Behavior qf Etb 1 GlcWAc Gl coside in Acid Solution. To ob«sin a picture of the
comps«e«ive ra«as of hydrqlysis and anommrizatioc of a simpl ~ glycoside, an experiment vas
designed «o 1'ollow the change in optical rotation of ethyl Glcxac glycoside in aqueous acid



solution. Concentrations af 1.0M, 0,1M end 0.01M MCI were tried hath at roam temperature snd at.e
53 C, starting with an ethyl GlcNAc sample with e«a<5 seamer ratio of 83:17. At raam temperature
no change occurred in 30 days. Best results were obtained at 53'C tn 1M BC1 with sig«ificaot
change of rotation in a reasonable time  Table 4!, In this experiment the concentration of the
lycaside wes 0.1M, equal ta 0.0249 g/mi. Cell length was 2 dec. [aJ of s-anamer is +134';
a] of GlcNAc, u-enomer is 55.6.

RESULTS AND DISCUSSION

Residual Amino Acids in Chitin Isolates. There is
a growl.ng rea izat on t at c itin varies consid-
erably in physical and chemical properties because
of both species saurce and method af preparatian,
as reviewed previously �, 9, 10, 15!. Hence it
appears apprapriate ta call most chitins "isolates",
In our priar work, chitin isolates were prepared
by consistent techniques to help establish the
species vat'iation and ane point stands out: each
isolate retained some portion of covalently-bound
residual amino acids from the parent mucopoly-
saccharide, despite rigaraus alkaline hydrolysis
 IN NaOH, 100'C, 48 hr!. Accordinqly, several
commercial and laboratory chitin samples were
analyxed for their amino acid content ta determine
whether such residues were a common i'eature of
these products. As indicated in Table I, amino
acids were indeed present in all of the represen-
tative chitins. Proteinaceaus material amounted
to approximately 0.4 � 5.6 percent in the samples
tested  based on 118 as the average mol. wt, of
the amino acids!.

Table 1. Chitin Isolates:
Amino Acid Content

Amino acids
11 /i

72,3Dungeness crab

Brown shtimp

Japanese red crab

Tanner  snow! crab

33.5

330.3

139.5

Horseshoe crab 152.5

<31ue arch

King crab

477. 8

235,4

Atra ic  tertiar ! Amide Solvent; 8 stems. The amides that provide effective chitin
s n3u c on w 1 um chloride in every case are tertiary
amides and to date only lithium chloride has proven to be a co-activator, N,N-
dimethylpropionamide �7! and N,N'-dimethyl cyclic ethylene urea  I < I-dimethyl-2-
imidazolidinone! are new, However, they ofi'er neither lower viscosities nor more
concentrated chitin salutians.

In another investigation �0! caprolactam, a secondary amid
found by IR spectra to form a complex with Licl containing 4 mol
one of Li. The complex melted at 98.5'C and in the crystal the
ated to the carbonyl oxygen of each af the 4 lactam malecules.
were said to be hydrogen bonded to the N-H hyrdagens. Both of
are similar and in support af the amide-l.iCI complex structure,
that chitosan, which has few acetamide groupings to function in
plex, is insolub!,e in DNAc-LiCI.

e  like chitin! was
es of caprolactam ta
Li ian was roordin-
The chloride iona
these farmulatiana
is the observatian
this type of cam-

After finding 'the DNAc-LiCI solvent system for chitin we studied briefly its
effect on ethyl CICNAc glycoside. In bath DNAc and absolute ethanol, LiCI caused an
immediate and siqnificant drop in specific rotation, apparently because of the
formation af a complex having different optical rotation properties.

Because of aur experience with anamerixatian of this glycoside in alcohol
solution, a study was made of the effect af various concentrations af LiCI in
absolute ethanol on optical ratatian. As may be seen from Table 2, about 2 males af
LiCI to 0.1 mole of ethyl GlcNAc gl,ycoside was required far maximum change, No
specific ratio of LICI to glycoside in a complex was indicated, but rather a mass
action effect to favor complex information in the equilibrium ethanol systems
Lithiurc acetate dihydrate was also effective in reducing the value far specific
i'atation, indicating that lithium ion is the active romplexinq agent.

These data imply also that the slow optical inver'sian  renaturing! of chitin
�, 22! in DA Ac-Licl solutions  change oi' [43 form  +! to  -! or an increase in  -!D

Turning to the chemistry of the chitin solutians themselves, with N,N-dimethyl-
acetamide  DNAc! and LiCI it has been shawn �8! that the lithium ian is associated
with the carbonyl oxyqen to yield a complex carrying a positive charge. It was also
indicated that the N-H groups in a polymer chain are assariated with chloride ions,
which with the positive lithium complex, gives an essentially neutral entity.
soluble in DNAr .



character! may result at least in part
merely from the effect af the salvent
itself. The slow change observed with
chitin may result from slow penect.ation
and camplexing. The relatively low molar
concentration of LiCI in DNAc �% LiCI
I .2�! may also account for the better
chitin solvency of I-methyl-2-pyrrolidi-
none  96 LiCI or 2.124!solution. An
ethanol-LiCI complex is probably in
competition with the glycoside-LiCI
system.

Table 2. Effect ot LiC1 Concentration nn
Optical Rotation of Ethyl Gicxac
Gl coside �.1M! tn Ethanol.

RotattonLiC1
conc., M

124.5f.2

120, 50,2

112.4

10R.4

0.6

1.2 5. 1
A concomitant actian of LiCI in

these systems may be to reduce the
crystallinity of the chitin, presumably
by disruption of hydrogen bonds. Such an
effect af lithium salts has been observed
with other polyamides, and with poly-
capralactam and the dilithium salt af
perfluaroglutaric acid  I!.

104. 4
102. 45.1

5,1 102. 4

Theta  f! is observed totatinn

These several findings taken together are directly pertinent to the solubility
of chitin in these systems: 1. Only fully-substituted amides are effective sol-
vents, 2. An increased concentratian of I.iCI in the salvent favors complex tor-
mation and greater solvent pawer. 3. IF lithium in these systems has a coordination
number of 4, up to 4 chitin molecules may be associated in solution, ~hich could
accaunt in part for the hioh viscosity of these systems.

A very siqnificant consequence af chitin complex Farmation is that many of our
physical measurements are only camparative, rather than absolute. Degree af aoly-
merization, solubility parameter and specific rotation all depend upon a known
chemical species to define molecular weight and density, which with chitin/LiCI is
uncertain at best and orat ablv variable.

Conformation of Terminal Aldohexose Grau s and Anomerizatian, The terminal aldehyde
group o chitin isolates, althouqh a relatively small proportion. of the polymer
molecule, nevertheless plays an important. role in determining polymer properties
such as denaturing by cross-linking with Free amine groups, mutarotation af the

and 6 anamers and one of the likely points of attachment for the protein portian
of the mucopolysaccharide.

The canformatian and mutarotation af the aldohexose sugars are determined by
steric and electrastatic effects, which in turn are markedly influenced by the
nature of the C-2 substituents, In the simple case of D-glucase. steric effects
favor the boat form of the 8-anomer in which all of the side groups occupy an eaua-
torial position. Electrostatic effects, hawever, favor the n-glucose farm in which
the dipoles of the C-I OH group and the C-5 ring oxygen are opposed  anomet effect!
�4, 24!; the equilibrium ratio of a: 5 is 37: 63. However, also favartnq the alpha
anomer structure are the acetamide group at c-2 �3, 25! and relative acidity of the
system �6!. The cumulative result is a increased tendency toward farmatian of
alpha anOmerz; With GICNAC, the equilibriu~ ratiO iS 68;32, a:5. Ma and Senzen,
�3! indicate that the monohydrate of N,N'-diacetylchitobiase,  GlcNAc
, crystal-
lized by slaw evaporatian of aqueous 2-methyl-2,4-pentanediol, has a 90:10 ratio of
its a:5 anomers. Barker et al., �! have reparted the influence oF terminal aldo-
hexase groups on ini'rared absorption in a series of GlcNAc oliqamers. They faund
that alpha-anomers exhibited mutarota,tion far the di-and tri-saccharides, but the
effect decreased as the aligomer chain lengthened. These equilibrium anomer ratias
are indicative of the tendency toward the alpha-anomer conformation as affected by
C-2 substitution. Such factors become of increased significance whar applied to the
chitinous polymers, as the total effect is a strong propensity for anomerizatian to
the alpha conformation under favorable environmental conditions.

C-2 Substituent Effects an Gl caside H drol sis and Anomermizatian. Perhaps the
mos important structure esture n c atan c atasan at etermanes its chemical
behaviar is also the C-2 substituent: hydroxyl, acetamido, amino or, occasionally,
a simple 2-deoxy  methylene! group in the glycoside Structure itself. The principal
campetitive reactions encountered with the glycosides are hydrolysis and optical
inversian, promoted in acidic systems by protonation of the 0-1 oxygen  hydrolysis!
or of the 0-5 oxygen  anomerization!  Fig. I!. The inteqrity of the polymer chain,
anomerization and helical confarmatian of the molecules are all dependent upon these
factors.



The hydrolysis of the glycosidic
linkage in chitin is well kncwn  8, 23! .
The optical inversion  anomerizaticn! of
the glycoside from the natura1 beta form
to an alpha-glycoside is seldom considered.
yet in the simple alkyl GlcNAc glycosides
acid-catalysed conversion of beta to
alpha anomer and base-catalysed inversion
of alpha to beta-anomer has been demon-
strated �, 19! Fig. 1!,

CH/OH

CHSOHCHI OHHydrolysis rates of C-2 substi-
tuted methyl glucosides give the clear-
est picture of the substituent effect.
 Table 3!  8!. These effects are
reflected in the comparative behavior
of the chi.tin and chitosan polylners
themselves.

OR+ ROH

NHASNHAS
RING

CLOSES
HOH GLYCOSIDE

SPLITSThe hydrolytic stability of the
glycosides  and chitinous products!
increases dramatically from C-2 aceta- CHEOH
mido  alkyl GlcNAc glycos ides, chi tin!,
through hydroxyl  glucosides, cellulose! H H
to amino  alkyl GlcN glycosides, + H
chitosan!. Thus chitin is much more OH OH HO

OH
sensitive to acid attack than cellulose, 0
and chitosan in acetic acid solution
has a useful lii'e of well over a month
�!. Chitosan was not completely
hydrolyzed by boiling 3,3 N HC1 in 3
days �!. The surprising stability of
such chitosan solutions is of tremendous Hydrelysa End/or Anotnartration oi Alkyl OWIIAS
advantage in the commercial applications GIYGGWlss lend Chitin/ChitOSanl
of this product. The optical inversion
 anomexiyation! at the C-1 carbon atom in an. alkyl GlcNAc glycoside, as well as in
chitin or chitosan, is less apparent, but nonetheless real and important. Anomer-
ization occux s because both the 0-1 and 0-5 oxyqens are receptive to protonation
and resu!,ts in the forraation of a planar C-1 carbonium ion and consequent anomer-
ization �4!. Notably with opening th* ring at the C-5 site it does not rupture
the polylaer chain  Fig. 1!.

CHSOH

+ H

NHAL

ANOESER IZATION

Further, the glycoside structure
itself increases the anomeric effect and
stability of the alpha-conformation �4!.
In suppox't of this alpha-structure pro-
pensity, is the report  8! showing that
the hydrolysis rates as halt-lives of the
lnethyl glycosides of GlcNAc and glucose
 Table 3!, are substantially longer for
the a-anomers.

Table 3. Effecr. Of C-2 substituenta on
Hethyl 0-01ycoaide Hydrolyais
and 8 ecific RotatLon.

Nethyl glycoside
hydrolysis rate a Ln!C-2 structure Half-life min. 0 Fef.

18 Itin 4131. 5 �6!>CH-NH-Ac a

14 44.3 �6!
In oux studies of the preparation

and resolution of the mixed optical
isomers  anomers! of ethyl, GlcNAC glyco- 8 24
side �, 19! it was found that short
reaction times of a-GlcNAc and alcchol
favored formation of the beta anomex
 with optical inversion! . In 135 lsinutes
40% of beta anomer was obtained, while oetettsinad in 2,483H HC1 ar. 100 C  8!.
with a 205 lninute reacticn only 228 of
beta anomer was isolated, Aopax'ently, in
the cotnpetitive reactions of t-GlcNAC to 8-glycoside conversion and the subsecuent,
acid-catalysed anomerization of. the 8- to a-anomer, the shorter times favored the
beta-structure as the first. step, while the slower anomeri,zation tx'ailed. Aqain,
these reactions involve similar proton attack of the 0-1 and 0-5 oxygen positions
in the GlcNAc structure  Fig. 1! .

>158 �3!

33 �3!
>CH-HH Hcl a2

8
e100 �2!

540

The alkyl GlcNAc glycoside preparational studies were carried out in ethanol
solution, of course, to press the desired synthesis reaction. In view of the
concurrent anomerizaticn, however, we studied this factor independently, starting
with a high-alpha anomer mixture of ethyl GlcNAC glycoside in a similar acidic



ethanol solutian. In 24 hours at 53'c with 0.IM Hcl a sample of the glycoside
containing 83% a-anomer was completely converted to the c-anamer.

These studies wexe then extended ta aque-
ous systems, with which we are usually con-
cerned in chitin isolation and reactions. At
53 C in 1� HCI there was li,ttle change for
several hours, follawed, however by an acceler-
ated decrease in aptical z'otation  Tabl,e 4!.
Since hydrolysis to GlcNAc would decrease the
specific rotatian �5.6' for c-anamer, 41.3'
for equilibrium value �5! and anamerization
would increase it  a-ethyl GlcNAc glucoside,
134'! these results, suggest that the reaction
zates of hydrolysis and anomerization are
about equal in this system. Hence, *arly in
the experiment, the products of the two
reactions balance each other in specific
rotation. After anomerization is large!.y
complete, hydrolysis to GlcNAc continues and
the specific rotatian steadily drape.

Table 4. Changes in Optical Rotation of
Ethyl 01CNAc Clyaczfdc fn 1.0�
HCl at 53 C

La]0BaTime, hra.

4.6 92.4

1.0 4.6 92. 4
5 4.6 92.4

4.0 4.5 90. 4
6.0 4.3 86.3

11.5 4.l 82,3
18.0 3.8 76.3

24,0 3.5 70.3
30.0 3.1 62.2

Anamerization af Gl coside Linka es in Chitin
an C tasan. e possz z zty 0 anomerzzatzon 40.0
D~gy 0 ii k g ch' t' 0 PaiYee7 i
been suspected since the early woz'k of Falk et Thats  e! is observed rotation
al. �1! who studied the structure of "chitan",
a completely acetylated chitin fram Thelassiosira
ii i ~ tiii ~ .By tpi 'd~arotpeop t t'iyt dtht
InTtzaTIy the anomeric centers had a 8-canfiguration. However, after deuterium
exchange in 10 N Hcl at 20'c, the characteristic absorption band shifted progres-
sively and in time indicated an 4-configuration. They questioned the Sit nifiaance
af this finding, but in view of the strong acid conditions and our current thoughts
on anomexizatian, the development af port!one of an alpha structure seems quite
logical.

52. 2

Anomerization af glycoside linkages in chitinous products is perhaps not
usually observed because af shart. reaction times involved to avoid hydrolysis, and
somewhat comparable rates af hydx'olysis and anomerizatian. Hawever, ther'e are
additional strong indications in chitin/chitasan behavioz' in which anomerization is
believed to be involved, Again, recall that ring opening and anomerizatian can.
take place without rupture of the palymer chain.

A second example is the unex-
plained variation in behaviox af
commercial chitin samples in thai!
ability to renature or reverse their
initfal positive optical ratatian in
a dimethyl acetamide lithium chloride
 DNAc-LiCI! solution  Table 5! �,
22! . It appears that, in non-rever-
sing samples, the preparatianal
conditions led to some anomerizatian,
partial racemizatian and loss of
helicity. Same of the samples eisa
contained insoluble fractions, per-
haps caused by heat or acid denatur-
ing which conditions are also con-
ducive to anamerizatian. High initial
values a f 8 pec i f ic ra tat ian cauld
result fram c-anameric linkages,
also.

Eclutfcn Properties cf Chf tfcz
fn 0xac-54 LICI

Table 5.

[a]0So!� .
Katerial !nitial zn 2 wks.Chf tin

Xatscahae crab -56 -5682

Blue crab

Red crab

Pink sht lap

52+33

+6576 22

-54+2462

Brawn shrimp
 KY-10!

-36 -36

First there is an example oi' chitosan with suzpxisingly slow rate af hydrolysis
as judged from manomer studies  Table 3! . In some of aur earlier work �! one
sample oi chitosan was tound to be completely racemized with 0 rotation. Further,
there was no change in rotation on treatmenz in mildly acid systems  pH 2.0 - 5.5!
normally leading to a more negative rotation �, 6! . Zn the light of the abave
comments, it now appears likely that in the preparation af this chitasan sample
 some details unknown!, much anomerization occurred, propersity f' or helical con-
formation was destrayed and a completely racemized px'aduct was obtained.



It is naw r<coani zed that a aortion af the above reversal fram  +! to  -!
specific rotation may result from the difference in the solvent system itself as
indicated previously. The slow change in rotation observed with chitin in DMAc-LiC1
soiutian <aay resu1t in part from the relatively low concentration of LiC1 �,2M!,
the strength of its complex with DMAc and hence the slow shift of LiC1 to the chitin
molecule However, the magnitude of the change and the simi3 sr reversal behavior of
chitosan in certain acidic media still favor the random coil to helix conformation
concept postulated �, 4, 22!.

In a recent crystallagraphic study of N,N'-diacetylchitobiose  GlcNAC! �3!
it was shawn that the 0�'!---0�! bond distance is taa great to al!ow formktion of
a normal intramolecular hydrogen band and constr~ins only mildly the confarmational
freedam about the glycosidic bridge.

Taking these several indications together and considerina the facile anomer-
ization of the simple alkyl <'lcNAc glycasides, one can hardly escape the conclusion
that chitin and chztasan do anamerize to same extent under certain conditions and
thac in consequence wi11 vary in such physical properties as solubility, crystal-
linity and chiroptical behavior because of this induced hetexageneity, In any case
the possibility of anomerization should be considered in future stud7.es of the
che<aical and physical behavior of chitinous products.
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CHIT IN-PROTE IN INTERACTIONS

Charles J. 6rine

Food/Pharmaceutical Products Div., FMC, Princeton, NJ 08540

A85TRACT

It has been demonstrated recently that chitin is not a singularly defined compound but repre-
sents a family of closely related chemical entities whose composft1ons are a function of both species
of origin and method of preparation. Moreover, these species differences appear to be largely a
result of subtle variations in the natural chitin-protein complexes: that fs, the manner in which
protein is chem1cally bound to chitin.

Analyses of chitin isolates from several species of marine invertebrates, prepared by a series of
carefully controlled hydrolytic treatments, indicate that all conventional chitin samples contai n
at least trace amounts of residually 1 1nked amino acids and confirm a marked soec1es vari ati on i n
thei r identity and content. Further, speci fic chitin-protein bond breakinq treatmentS and subsequent
structural analyses by IR indicate that am1de type bondinq of chitin to protein oredomi nates in all
spec'ies through N-glycosidic linkaqes to aspartic acid  asparaqine !.

INTRODUCTION

The nature of the association between protein and chitin in crustacean shells has been the
source of speculation for a long time. Although the rat1o of exoskeletal prote1n to Chitin is known
to vary substanti a'I ly with species, chitin al~ays appears to occu~ in association with it   1, 2, 3! .
Hackman �! attempted to eact cut1cular protein, pepti des, and amino acids wi th both N-acetylqlucos-
amine  NAG! and purified chitin but the very weak bonds which did form were suspected to be of a
5chiff's base type between the terminal aldehyde groups 1n the NAG and the amine qroups of the amino
acids, Gased on th1s result, he concluded that hydrogen bonding must be the principal bind1nq
mechanism in the protein-chitin complex. Giles, at al � !, proposed that non-acetylated glucosami ne
uni ts in the chi t1n pOlymer would permit direct crosS-link1ng to tanninq quinones and thereby to
pretein. Lipke and GeOghegan �! were able tO eliminate thiS pOSSibility by uSing N-brbmOSuCrinimide
to cleave quinone linkages and produce peptidochitodextrinS from insect cut1cle. Their isolation of
fragments of mucoprotein with glycosyl, N-acetylglucosaminyl and peptidyl residues further strenqth-
ened the argunmnts for the existence of stable covalent linkages between chitin and protein.

Hackman   7! reported that exclus1vely aspartyl and his ti dyl amino aci d resi dues remained w1 th
native chitin from crab  ~5c lla serrate!, squid  ~Lo ilo! and 1nsect shells after hot alkali treat-
xmnt and in each case, were the Test to be removed by hot acidic hydrolysis. He proposed N-acyl-
glucosamine covalent cross-links from an amino acid carboxyl group to the free NHR qroup Of the ocra-
sional glucosamine unit in the chitin polymer, conc!udinq that this type bond wouTd possess the re-
quired stability to accommodate the data. His data suqqested chemical homogeneity for the chftin-
protein complex and apparently, a coasnon covalent bonding pattern with a ratio of I strongly bound
amino acid residue per 200-300 glucosamine units in chitin, Rudall �! alternatively suggested the
possibility of an amide link between the carboxyl group of an occasional N-acetylmuramic ac1d  Fiq, I !
1n the chitin polymer chain and the amino group of a terminal alanyl unit 1n a peptide chain.

Hunt �! pointed out that' the results of previous research would favor asoartic acid as the
amino acid directly linked to the polysaccharide  8!, althouqh this linkage had been demonstrated in
other glycoproteins to be of N-glycosylamine type  Fig.2! between the reduc1nq end qroup of the
polysaccharide and the amide qroup of asparaqine. Hunt reasoned that if this type protein linkane
is accepted, then the bound protein must be found only at the extremeties of the chitin chains since
these are unbranched structures, Rudall and Kechington  9! have interpreted the repetitive beadinq
along the chitin chain observed in election microqraphs together with the extra reflections in the
ch1t1n-protein complex x-ray d1ffraction pattern, which do not belonq to purified ch1tin, as indi-
cating regular repeats of bound protein along the Chitin chain at exactly 31 !  1 nter vals . Their
apparent removal by proteolytic enzymes seemed to indicate that these proteins are arranged exaCtly
every 6 NAG units and that natural chit1n is deacety!ated on a repet1tive basis with the free amine
groups serving as the linking points to the protein chains �0 !.

Attwood and lola  ll! also cast considerable doubt on the universality of Hackman's results
when, in repeating hfs studies with different species, they were unable to confirm the linkage of
aapartyl or histidyl residues to chitin, f1nding their alkali treated chitin-protein romplexes ron-
tained a long list of trace amino acid residues, with no predominance of either aspartic acid or
histidine. Karlson, et al, �2! found that the horseshoe crab  Limulus polyphemus! shell complex
was relatively rich 1n glycine and alanine even after mild alkala1 treatment. Rermg, et al. �3!,
employing proteolytic enzymes to investigate the chitin-protein complex in crayfish  Astacus flu-
viatilis!, found the strongly bound protein to be r1ch in glycine and concluded that ~te ch tTn fs
present in a stab'Ie complex with the protein, covalently bound through glyc1ne, Rerent find1ngs
�4! ind1cate that chitin isolates from several marine invertebrates retain siqnifirant quantities
of covalently bound amino acids even after mild alkaline extraction and that up to 0.5 MOLX of



amino acids remain followinq rigorous hydrolysis. Overall, it is evident that while the data
acrumulated an the various species run contrary to the initial findfnqs of Hackman which indicated
a universal chitin-protein complex, there has been lfttle other consensus on the subject. The pur-
pose of this study was to gain further fnsfoht into the role that differences in covalent bondfnq
in the chitin-protein complex play in the natural variatfan of chitin.

EkPERIMENTAL

Fresh samples of the blue crab  Calli nectes ~sa i dus !, the stone crab  Menf~e mercenari a!,
th ed b {~de ~ ~ t eda s! dante ha teslae crab !t' ! t ~1h s! e d t ti a
material. The shells were c caned, dried and ground as previausly described �4!, In order to
analyze far the covalent bondinq type in the chitin mucapolysaccharide of the samples species, a
common starting point was established. For the horseshoe crab the praduct was defined as that re-
maining after sequential extrartian of the ground shell vrf th water �0 c, 24 hr, !, 0.16 M Nansos
� C, 72 hr. !, and 7 H urea �aC, 48 hr. !. The mucapolysacrharides from the blue, red and stone
crab samples were definer as those remaining after ethylenediaminetetracetic acid  EDTA! decalcifi-
cation of the shell and 7 M urea extraction of physically associated protein �1, 13, l4, 21!.

Specific chemiral treatment methods adapted from qlycoprotein studies, were selecred ta aid in
the differentiation of the types of covalent banding occurrfnq in the chitin-protein fractions
Startinq With the COValently bOund, Chitfn muCapOlySaCCharfde fram each SperfeS  See Ffg.4 far Sum-
mary of treatment scheme!. The first treatment, 0.01 N NaOH at 20aC for 5 hours, was used to cleave
weak, double covalent bonds such as Schiff's bases to extract the proteinaceaus residues baund in
this manner  ll!. portions of the resultant samples were saved after fi ltration, washinq with de-
ionized water and acetone, and air-drying for ami na aci d ana lyses, As a next step, lf thi um boro-
hydride  LfBH4! tteatment was employed as a method of specifically cleavinq aretal type bonds,
0-qlyrasi die linkages, such as those which have been dacumented fn other olycoprotei ns between N-
acetyfglucosamfne snd serine  NAG-Ser! and N-acetylqlurosamine and t'hreanine  NAG-Thr! �5!, while
not siqniffcantly affecting amide or stronqer lfnkaqes betvdeen protein and carbohydrate. This
method involved refluxfnq pre-weiqhed portions af sample in 0.3 N liBH4 in dry tetrahydrsfuran
for 20 hours. Fallowfng the spendinq af any residual LiBH4 with cold acidic methanol, filtratfon
and acetane wsshfng, the samples were air drfed and portions retained for amino acid analyses.

Hydraxylamfne treatment has been used extensively in studies of oolysaccharide-nrotein linkages
ta cleave acetal and amide linkaqes �6!, was emplayed in this study to break the praaosed amide
type lfnkaqes in the chitin-protein complexes, such as N-olycosvl and N-acylqlucossminyl bonds. The
method ransf sted of stirring pre-weiqhed portions of sample for 9 hours at 37aC in a M NH OH' HC1
which had been adjusted to a pH af 12.20 with NAQH. Followina treatment, the hydroxylamfne solution
was fi 1 tered, the samples were washed with deioni zed water and acetane, air-dried and portions re-
tained for amino acid analyses, As this hydraxylam5ne treatment, by itself, does not further dif-
ferentiatee between the N-glycasyl  Fig. 2 ! and N-acylgl ucosaminyl type  Fin. 3! linkaqes, fnfrared
  IR! spectranmtry was employed in conjunction wi th this treatment snd amino aci d ana lysis for this
purpose, Another type of linkage which may survive cleavaqe by the treatments mentioned abave and
which has been pastul ated � 7 ! between chitin and protei n is an ether type linkage such as those
associated with N-acetylmurami r arid   Ffg. 1!, To ascertain the presence of these kinds of linkages
evidence wss sauqht far the hydroxylamine treated samples by comparing thefr amino acid analysis
chramogrsgrams with ones generated for s pure N-scetylmurami c acid standard.

Pratealyti c enzyme hydrolysis coupled with Subsequent amino acid analysis was also employed to
aid in the elucidation of the bondfnq of those amino acid residues mos t strongly bound to chitin
�5 !. Beginning with the covalently bound chitin muropolysarcharide, each sample species was
treated separately with pepsin  Sigma Chemical Co.! follow!ng established procedures �3!. The
papain treatments were carried out for 20 hours at 65aC fn a sodi um aretate buffer at pH 5. 6 wi th
a concentration af 15.0 q of papain � . 6 0 activity/mq! per 1 of buffer. After completion of these
hydrolyses, the resul tfng products were prepared far amino acid analysis by filtration, wsshinn with
ethanol snd ether, and dryfng.

Amina acid analyses were carried by plaring a sample fn air-tight hydrolysis tubes to which
12 N HC1 and n- leucine standard hsd been added. Follawinq standard procedures, the samples were
hydrolyzed in vavuo at 1 10aC for 24 hr., evaporated to dryness, and diluted with a aH 2, 2, sodium
ci trate buffer   1 8!. The samples were then centri fuoed, a 20 u. 1 of sample of supernatant removed,
and analysis of amino acid content performed on a computer equipped Durrum 0-500 amino acid analyzer.
A standard mfxture of 16 common ami na acsdS for machine calibration. containing 0. 5 umol/ml of each
amino aci d, was analyzed foll owl nq the same procedures, Similarly prepared standards of pure N-
acetylglucassmi ne and N-acetylmuramic acid  Pfanstiehl Laboratories, lnc. ! were analyzed to determine
their peak patterns, to allow far quantification of the glucasamine content in the sample species
and to aid in the detertion of passible muramic arf d residues fn samples. Samples were sl I run in
duplicate. Instrumental errar was assumed to be =1%  manuFacturer's specfffcatians!.

Infrared spectrometry was employed i n thi s study to aid in the determina ti an of the presence
of free amine groups in the treated chitin-pratei n 5'ractions. This method was previously employed
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with success by Pearsan, et al. �9! to observe the deacetylation ot' chitin  i,e,, the productfon
of free amine groups! during chitosan formatfon, For the purposes of thfs investiaation, IR spertra
of the chitin-protein fractians at' all species were taken after both the LiBH treatments and the
hydraxylamine creatments for comparison. Each samnle was prepared For ana1ysfs by qrindfna and
sieving to less than 100;i thorouqh low temperature �0oC! dryinq in a vacuum desiccator over silica
gel, and pressing into a potassium bromide  KBr! pellet usina a Wfiks Scfentiffc Co. manual oellet
die. The pellet mixture in each case consisted of 25 mg sample/150 mg KBr homogeneously mixed,
The spectra was then rvn and recorded on a Perkin-Elmer Madel 180 orating IR spectrophotometer.
The IR spectra of the enzyrie treated samples were taken to ascertain the extent of free amfne qroup
formation resulting from these hydrolyses and to compare them with the spectra mentioned above.
The IR spectra of well-characterized, commercially obtained chitin and chitosan  Hercules Co. ! from
a single species source, the brown shrimp  Penaeus aztecus!, were also obtained ta pravide a compar-
ative measure af the effects of deacetylati~on increased Free arnine! on the characteristic spectral
bands.

RESULTS AND DISCUSSION

In recent related studies  Zl!, it has been shown that all chitin isolates even those prepared
by careful'ly controlled series of hydrolytic and extracti ve treatnrents of the nati ve chi tin-pratein
complexes, contained cavalently bound, proteinaecous residues. Moreover, these protein fractiona-
tian experiments revealed that the strongly cava92ently baund protefn in the chi tins prepared from a
range af test species cansti tuted 25, 0 - 45 .9;, af the total shell protein. It has bee» reported
recently as well that after exhavstf ve alkaline hydrolysis, a process known ta be parti ally degrada-
tive to the chf tfn polymer but useful in attempti nq to elucidate the core chitin-protein linkages .
discernible amounts of residual amino aci ds remained very strangly baund to the chf tins derived from
five different invertebrate sources   14!. The data derived from that s tudy regarding the ami no acid
camposition of the rigorously extracted chitfns indfcates that event after prolonged, stringent
alkaline hydrolysis, the residual chitins retained 0,05-0.5 MOL S of amino acid and that, importantly,
aspartic acid, glycine and serine were present in all. The persistence and predaminance of aspartfc
acid further leads ane ta pastvlate that it plays a key role in the covalent, core linkage of chitin
to protein,

Arising as well t'rom these earlier studies is considerable evfdence indicatina that there are
probably several types and strengths af covalent bonding that may be present in the chitfn-pr'atein
mucopolysaccharides. As such, a serfes ot chemical treatments  Fig.4! designed soecit'ically to
cleave certain classes of protein-carbohydrate bonds in a sequential tashion was performed an the
covalently bound portions of the chitin mucopalysaccharides of the varfaus species, Couplinq this
fractionatfan with amina arid and infrared spectrometic analyses of the resultant chitin-protein
prodvcts, it was passible ta differentiate and quantify the kinds of covalent bondina occvrring in
each sample, Accordingly. the malar percent ot' the total covalently bound protein for each sample
which was associated with each bond type was calculated from the amino acid analyses data assumfng
that the sum of the fractions listed above romprtsed 1006 of the covalently bound pratein in the
samples. From the results af these calculations, compiled in Table 1, it can be observed that the
amide type bondfng is the predominate covalent linkage found in the chitfn-protein unfts of all the
samples, although there is variation fn the actual perrentage among the specfes.

TABLE 1 - Covalent Banding Type Fractions af Protefn in Chitin-Protein Mvcopolysarcharfdes of
Sample Spectes

Molar Percent of Bound Protein
Horseshoe rab ve rab tone rab Red CrabBond T e

Double Covalent
 Schi ft' s Bases!
Ace ta I
 C-l, 0-Glycosidic!
Ami de
 C-I, N-Glycosidic! or
  C- 2, N- Acy 1 g 1 ucas a mt ny1 !
Other
 Residual, Strong!

22.6 3.5 18. 75.8

16. 0 23,2 29. 0

51. 1 43. 5

3,6

58.3 54. 9

32. 3 8.822.2

l3

Sfnce there appeared to be a substantial amovnt of strongly bound pratein remainina assaciated
with chitin in the residual f'ractians, ranainq from 6.56 in the blue crab ta 32.3% in the harseshoe
crab, a further attempt was made ta classify the chitin-pratein linkages. Based an proposals in the
literature �, 17! that this "other", residual protein may be linked by strong ether type bonds such
as those between N-acetylmuramic acid and peptide chains in the peptidoglycan of bacterial cell wall
material  Fig, 1!, the amfno acid analysis of pure, N-acetylmuramic acid was run to determine its
characteristic chromatogram. However, comparison to the chromatagrams of the chitin-protein tractions
for all specfes faf led ta indicate the presence af N-acetylmuramic acid type linkages in any of the
samples,



The amide type bonding fraction, determined to be the predominate class of covalent bonding in
the chitin-prOtein complexes of all species, actually may consist of protein portions bound in two
distinct manners since the hydroxylamine fractionation technique will not differentiate between
N-glycosidic  Fig,2! and N-acylglucosaminyl  Fig.3! type linkages. To aid in the elucidation of
these structures, infrared red  IR! spectrometric analysis was employed since hydroxylamine cleavage
of N-acylglucOSaminyl type bonds would produce free amine  -NH2! groups in the residual chitin-pro-
tein product whereas cleavage of N-glycosidic linkages would not. 8y carefully analyzing the IR
spectra, the relative differences in free amine groups present in the chi tin-protein fractions be-
fOre and after the hydroxylamine treatments can be qualitatively determined and thereby, bonding
types indicated.

To illustrate the relative differences in free amine groups to be expected the IR spectra of
consnercial ly prepared brown shrimp chitin and chi tosan were run and are presented fn Fig. 5. These
spectra features agre» well with published data on chi ti nS and chi tosans from other species sources
�0,22 !. Since chi tosan is formed from chitin by vigorous deacetylation resultinq in free amine
group production, the absorption bands to note are those asSOciated wi th the carbonyl and amide
interactions of the acetamido group in chitin  95% acetylated!. Specifically, progressive weakeningand shifting of the spectral bands attributed to the bound C-2 amide group at 3265, 31� and 1550 cnT
 N-H bending! and those associated wi th the acetyl carbonyl group at 1625 and 1650 cm  C 0 stretch-
ing vibration! as a consequence of deacetylation fn chitin and free amine  -NHP! formation in chito-
san are theoretically expected and are observed in comparing these spectra. Additionally, it pan be
observed that absorption bands associated with the acetamido methyl group at 2970 and 2940 cm '
 cH3-  c 0! stretching vibrations ! in the chitin spectrum are nearly absent from the chitosan spectrum
since about 95% of the acetyl groups have been hydrolyzed.

The IR spectra generated from the chitin-protein fractions before LiBHa treatment and after
hydrOxylamine treatment for the test species are depicted in Fig. 5. Additionally� . the spertra of
the enZyme hydrolyzed Chitin mucopolysacchari des for eaCh species are presented to provi de a CroSS
reference since treatment with papain, a proteolytic enzyme, might also be expected to cleave a
portion of the N-acylglycosaminyl  C-2! linkages between chitin and protein, if they exist. and
product similar changes in IR absorption bands. FrOm these spectra it is clearly apparent that there
are virtually no significant differences in the key spectra absorption bonds associated with the IR
spectra of the three blue crab fractions and thus, no evidence to support the presence of N-acyl-
glucosaminyl bonds in the blue crab chitin-protein complex. similarly, there is little data arising
from the romparison of the spectra of the stone crab fractions which would conclusively indicate a
rise in free amine content after hydroxylamine treatment, although very slight weakening of a pos-
sible bound amine bond at 3100 cm-I appears to be occurring in the spectrum of the hydroxylamine
treated fraction, In comparing the data for the horseshoe crab and red crab fractions, there seems
to be a slight diminution Of the bound amide bands at 3265 and 3100 cari from the spectrum of the
LiBH4 treated fraction to that of the hydroxylamine greeted fraction, There fs also some slight
weakening in the carbonyl bands at 1625 and 1550 cnr <. The speCtrum of the papain treated horseShoe
crab and red crab fractions, however, do not mi~ror these differences and appear most similar to the
spectrum of the LfBH4 treated fractions, Thus, the data supporting the presence of N-acyiqlucosaminyl
linkages in the red crab and horseshoe crab chitin-protein complexes are inconclusive.

There are several distinct covalent bonding type fracti ons in the chitin-protein mucopolysac-
charides of all species.
2. Amide type bonding is the predominant covalent linkage between chitin and protein in all the
species.
3, There Is no evidence that N-acetylmuramic acid, ether type linkages are present in the most
strongly covalent bound fraction of any of the speties.
4. N-glycosidic linkages appear to be the principle type of amide bonding, and, coupling these re-
sults with the data on the core linkage structure, aspartic acid  asparagine! is the probable amino
acid involved fn this linkage
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UTII,IZATION OF CHITINOUS PRODUCTS AND WHEY IN ANIMAL NUTRITION
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ABSTRACT


illfons of kiloqrams of chitin and whey are produced annually in the U.S. as
by-products of the shellfish processing and cheese manufacturinq industries,
respectively, Most of these by-products are disposed of as waste, a practice that
creates a seriaus environmental pollution problem and a loss of valuable nutrients,

Nutritional studies have shown that a combination of chitinous products and
whey in isonitrogenaue isacalarfc diets enabled broiler chickens to utilize whey
more efficiently. Chickens fed a diet cantaining 208 dried whey plus 2% double-
sheared chitin for 31 days were signif'icantly  P < 0.05! heavier than the control
groups. Another 6-week broiler experiment was conducted with four diets [diet l.
consisted of 100% Univeraity of Delaware lactose-free diet  UDLFD!; diet 2, 94.5%
UDLFD + 2% chitin; diet 3, 63.5% UDLFD + 209 whey; and diet 4, 57.5% UDLFD + 208
whey + 2% chitin]. Analysis of variance demonstrated that diet significantly
 P < 0.0005! affected final body weights. There were na significant differences
in weight gain between. diets 1, 2, and 4. However, birds fed diet 3  whey without
chitin! were significantly lighter in weight  P < 0,01! and had a significantly
higher  P < 0.01! feed efficiency than those fed diets 1, 2, or 4. The feed
efficiency of diets 1, 2, 3, and 4 were 1,83, 1,86, 2.10, and 1.81, respectively.
In addition to the law weight gain, control birds on 20% whey without double-sheared
chitin or ground chitin develoued severe diarrhea, Furthermore, the abdominal fat
Dade of chickens fed the oreferred 3-comnonent diet 4 weighed siqnificantly less
 P < 0.01! than thase af birds fed diet 1,

INTRODUCTION

For the U.S. seafaad processor, shell waste presently represents a serious
disposal problem since its only real outlet has been as a minaz' animal feed addi-
tive. Although it contains 20-308 pi'atein and 10-30% chitin, it also contains
more than 65% calcium salts. This high salt level makes it unsuited for bulk use
in poultry feeds in pai'ticular. As a consequence, a larg'e portion of the mare than
100 mil,lion kg af shellfish processing. waste �,2! is released annually into sewage
systems, streams, and landfill disposal sites. In view af the nature of this
material and the geographic cancentration. of the seafood processing operations, this
practice constitutes a serious, continuing environmental pollution problem for the
adjacent coastal zone areas.

Chitin [poly-8-� - 4! -N-acetyl-D-glucosamine! obtainable fram crab, shrimp,
and lobster shell waste �! continues ta show promise as a new marine resource
�,4! . Several new uses oi' chitin have been demonstrated in zecent years including
medical sutures, film and fiber pz'oducts, and derivative compounds �,6,7! .

Whey, the serum of milk, is the liquid mixture farmed in the process of making
cheese. The largest production of whey occurs in the United States where it was
nearly 19 billion kg in 1977  8!. Approximately 40 ! of that amount is hei nq
utilized  9! The remaining 10,8 billion kg of unused whey is normally released
into the environment. In addition to the ecanomic and nutrient losses, the dumping
af whey constitutes the mast patent pollutant af all. dairy wastes and ane of the
strongest wastes of any kind �0!. It was estimated that 100 kq of liquid whey
has the polluting strength equivalent ta sewage produced by 45 people in one day
�0,11! . Furthermore, the pollutian problem assaciated with the dispasal af whey
worsens each year as the demand for cheese productian continues ta grow  8! . Yet
this so-called waste is a valuable nutrient for it retains about 55% of the
nutrients in whale milk. Among other things, dried whey contains about 13% protein
of high biological value, mast of the water-soluble vitamins in milk, 8% minerals
 primarily calcium and phosphorus!, 1% fat, and about 70% lactase. This very high
quantity of lactase in dried whey is the reason for its underutilization as a food
source since the prevalence of lactose malabsarption and intolerance ranges fram
70-90% in same populations studied in Africa, Asia, Latin America, and the U.S.
�2,13,14,15,16,17,18! . A similar incidence of intolerance exists in mast animal
species. The symptoms af lactose intalerance are seveie and inrlude diarrhea, gas
production, cramps, bloating, dehydration, and death.



The pxoblem of intalerance beguine shortly after weaning vhen cansumption of
lactose-cantaining food is reduced. This event is followed by a similax reduction
in the synthesis of lactase  also called 8-D-galactosidase, found in the brush
border of the intestinal mucosal cells! which hydrolyzes the 8-linkage of lactose,
The main problem is then how to increase the ability of an individual to diqest
larger amounts of lactose in the diet. Since lactase is nat an inducible enzyme,
attempts are made ta supply the enzyme by encouraging the grovth of' certain desi r-
able lactase-containing bacteria in the gut. Same 30 years ago, it was shown. that
Bifidobacterium bifidus var. Penn  Lactobacillus bifidus var Penn by the earlier

gY p rt d r ~tt. ~ t b t-t d Fallt
while these were limited or absent from the intestine and feces of infants fed
cow's milk �9,20,21! . GyOrgy �9! demonstrated that this strain of Bifidabacterium
requires specific factors found in human milk for growth, These factors are vir-
tually absent from cow's milk �9,20!. Other studies �2,23! have shown that N-
acetyl-D-glucosamine  GlcNAc, the monornex af chitin!, bovine milk casein digest, and
human milk casein and some of its derivatives also stimulate growth of B. bifidus
var. Penn. Isolation studies have shown that the human milk growth factors are
either entirely carbohydrates  such as GlcNAc or oligosaccharides! or glycoproteins
�3,24,25,26,27!. The growth pxamotexs serve as a source of glucosidically bonded
GlcNAc residues for bacterial cell wall biosynthesis.

we fallawed these leads in animal feeding studies using various chitinaus
materials including prapyl-GlcNAc glycoside, ethyl-GlcNAc glycoside, rnicro-
crystalline chitin  MCC!, double-sheared chitin, and chitin. In earlier nutri-
tional studies employing various GlcNAc glycoside supplements in the diet, we vere
able to increase the tolerance ta lactase in the rat �8,31!. we also found MCC to
be effectiv* in promoting the digestion af whey in chickens �8,32!; however,
because GlcNAc and MCC are expensive and unavailable commercially in large quanti-
ties, any large scale application af this technology would be economically un-
feasible. Nevertheless, the chicken is a better animal model to study this problem
for the following reasons: I! The chicken gut contains chitinalytic activity �9!,
2! it is the I,east efficient utilizer of whey  9,30!, and 3! if chickens could
utilize whey efficiently, the poultry industx'y could be one of the laigest users of
whey. By supplementing the chicken diet with chitin and whey, we would achieve the
following. The chitinolytic system in the gut would hydrolyze chitin to its oli-
gamers and monomers. In turn, these saccharides would promote the growth of Bifi-
dobacteria present in the gut and concurrently increase lactolytic activity. ~e
~tto|a h .' ' th ' I' ab'I'ty t t t liz lactose
thereby making whey a desirable feed for animals.

EXPERIMENTAL

The first af two experiments involved a small number of broiler chickens and
double-sheax'ed chitin as a chitinous supplement to whey. In this preparation,
chitin  purchased from Hercules, Inc., Wilmington, Delavare, no longer a supplier,
extracted fram Brawn shrimp shells! vas reduced in particle size in dry farm using
a high-speed waring Blendor. Then it vas giound in a Wiley mill to pass a 40 mesh
seive. This double sheared chi,tin had a molecular weight of 350,000-450,000. The
dried sweet whey was purchased from Kraft, Inc. Distributors, Chicago, IL and had
a lactose content of 68%. Each of the four diets shown in Table I were fed to a
group of 5 male and 5 female one-day ald Ross X Arbor Acre broiler chicks. The
chicks were purchased from Allen's Hatchery  Seafaxd, Delaware!, They were sexed,
debeaked, vaccinated  at hatchery, for Marek's Disease and at 10 days of age for
New Castle, InfectiOua Bronchitis, and Infectious Bursal Disease!, identified by
numbered wing bands, and randomly assigned to dietary groups . For the first 4 days,
they were maintained on a commercial starting lactas*-free diet  CI FD, purchased
from Southern States Cooperative, Newark, DE! which contained a coccidiostat.
Water and feed were provided ad libi,turn. All diets were Formulated to be isanitro-
genous �3. 5% protein!, isocaIaric TKKO kcal/kg rnetabolizable energy!, and wex'e
fortified with equal amounts of vitamin and trace mineral supplements, Ta facili-
tate unifarm mixing of the CLFD with the double-sheared chitin and dried whey, the
CLFD vas passed through a hammer mill � mm screen!. For the first 3 weeks, chicks
were maintained in heat-controlled braader batteries and thereafter transferred in-
to wire cages. The body weights of the birds vere x'ecox'ded at the start of the
experiment and at 7, 14, 21, and 31 days of age. At the end of the experiment �1
days!, necropsies were performed on all birds.

The second brailex experiment involved a Iaxqer number of birds and graund
chitin in a completely randomized. block design af pens, Each of the four diets
shavn in Table 2 were fed to three replicate pens,  numbered I to 12; diet, I in-
cluded replicates 1-3; diet 2, 4-6r diet 3, 7-9; and diet 4, 10-12! each containing
35 male one-day ald Ross X Arbor Acre broilex's. All diets wex'e formulated to be



isonitrogenous �3. 5 ! protein!, isocaloric �160 kcal/kg metabalizable energy!, and
were fortified with equal amounts of vitamin and trace mineral supp!ements. Chitin
used in this experiment was purchased from Madera Products, Inc., Albany, oreqan
who extracted it from Tanner  snow! crab shells. It was ground to 60 mesh and had
a malecular weight of 2,3QO,QOO and a specific rotation af fa! ~ -35a, The dried
whey was acid whey purchased from Gapes Milk Product Co., Cincknnati, Ohio. The
lactose content of this by-pxoduct was 73%. None of the diets used contained
coccidiostat. In order ta simulate commercial conditions, the chicks were rai sed
in floor pens. Each pen provided 4.60m2 of floar area covered with dried peanut
hulls and equipped with heat lamps, Cylindx'ical hanging feeders and automatic
waterers were provided for free chaxce feeding and drinking.

The chicks were purchased from Allen's Hatchery  Seaford, Delaware!. They
were sexed, debeaked, vaccinated and identified as in the previaus experiment. For
the first 4 days, chicks wexe maintained on a University of Delaware lactose-free
diet  UDIFD! without coccidiostat. Followinq this period, birds were fed their
randomly assigned experimental diets. Body weiqhts were recorded at the start of
the experiment and at 9, 24, and 44 days of aqe at which time the experiment was
terminated. The well-being of the chicks was observed two to three times daily far
the duration of the study. Samples af feces from each pen were collected fresh
twice per week and examined for the presence of caccidia. This was dane by mixing
the collected feces with 15 ml phenol-sugar solutian and strained through cheese
cloth. The mixture was examined by light microscopy at 40X. The amount of feed
consumed was recarded for all pens. At the end af the trial, 120 chickens were
callected randomly, 10 binds fram each pen, and dissected to check the vital organs
 e.g., liver, heart, lungs, gall bladder, etc.! for any abnarmalities, Also, 70
birds �0 birds each fram replicates 1, 3, 4, 5, 7, 11, and 12! were picked random-
!y, the abdominal fat pads removed, and the fat weights recorded. The body weight
of birds were matched with their abdominal fat pad weights and a ratio was deter-
mined by dividing body weight by the weight af the abdominal fat pad. Statistical
analyses were performed using the Statistical Package for Social Science �3! and
the Delibr/Naovmain computer program �4!.

RESUITS AND DISCUSSION

The data in Table 3 show the progressive growth af chickens in, the f'irst exper-
iment. Analysis of variance af the mean weights at 31 days of age indicated a
significant  P < 0.05! effect due to diet. The Duncan multiple range test results
shown in Table 3 indicate that birds fed the chitin-whey diet 4 weighed significant-
ly more  P < 0.01! than those receiving diets. I, 2, or 3. These results demonstrate
that growth retardation from di,etary whey was overcame by the additian af dauble-
sheared chitin ta the diet, Three or four days after placing the birds on their
respective diets, chicks in treatments 3 and 4 developed diarrhea. Althaugh the
diarrhea of the chickens fed diet 3 worsened with tim* and became severe within 17-
20 days, the condition of chicks in diet 4 improved and by the end af the trial,
they were nearly normal or only slightly diarrhetic. In additian, neither' whey nor
double-sheared chitin had any adverse effect an the appetite of the birds. There
was no mortality in any pens for the duration of the experiment. Necropsies at the
end of the experiment revealed that all internal organs af birds fed diet !. were
naz'mal. The gall bladders of birds in diet 2 were slightly smaller and their
intestines larqer than normal. Ail birds examined from treatment 3 showed intes-
tinal hemorrhage, enlarged intestine, and enlarged ceca. Birds in the chitin-whey
diet 4 had larger livers and gall b!.adders by visual inspection than those in diet
1. The gizzards of birds in diet 4 peeled easily  a desirabl» characteristic!, the
skin was firm, and the ilesh under the peel was smooth. Subjectively, the abdominal
fat pads of birds in diet 4 were smallex', which led us to weigh this tissue in the
second experiment. The intestines of chicks I'ed diet 4 were large and distended,
suqgestinq viqarous onqoinq fermentatian.

Table 4 lists the results fram the secand experiment, The qrowth trends are
similar to those observed i n the first trial Analysis of variance of the mean
weiqhts at the end of the experiment, indicated a significant  P < 0.0005! diet
effect. The Duncan multiple range test results shown in Table 4 indicate that
there were na significant wexght gain differences among diets I, 2, and 4, However,
chickens fed diet 3 weiqhed sign,if!,cantly less  P < 0.01! than those fed I, 2, or 4.
Furthermore, birds raised on diet 3 had 4 significantly higher  P < 0.01! feed
efficiency than thase fed dietS I, 2, or 4  Table 4!. As in the case af the dOuble-
sheared chitin and previous studies �8!, these results establish that chizkens
gained the least body weight in the diet containing 206 whey without chitinous
supplement  diet 3! . In addition ta the paar growth, birds in this diet suffered
fxom severe diarrhea, a condition that persisted throughout the duration of the
study. Chickens on the chitin-whey diet 4 were initially diarrhetic but their fec~s



gradually  within 15-20 days! became fairly normal. Weekly checks of the feces
showed that birds in all diets were vrrtually devoid af coccidia. Necropsies at
the end of the experiment showed that the condition of internal organs of the birds
in the four treatments were similar to those in the first experiment. For the
duration of the experiment, there were three mortalities all fram diet 3  twa from
repli,cate 7 and one from replicate 9!.

Seventy chickens �0 birds each from replicates 1, 3, 4, 5, 7, ll, and 12! were
picked randamly, dissected, the abdominal fat pads removed, and the weights record-
ed. Ratios of individual body weight to fat pad weight were determined. Table 5
shows Duncan multiple range test comparisons of. mean ratios af body weight to fat,
in the abdominal, fat pad with the various replicates. These analyses demonstrated
that the differences were not statisti,cally significant in replicates 11 versus 12,
1 versus 3, 4 versus 5, and 5 versus 7. However, the differences were highly
significant  P   0.01! in comparisons between replicates 1, 3, 4, 5, and 7. Figure
1 shaws a visual comparison between the abdominal fat pads from 10 chickens each af
replicates 3, 11, and 12  identified as groups 2, 11, and 12!. These results con-
firm aur previous observation that a diet containing 20% whey plus 2% double-
sheared chitin ar ground chitin produced chickens with significantly less abdominal
fat, without a reduction in body weight, than chickens rai sed on a commercial
broiler ration. This is an interesting observation since others have shown that
the addition of caen oil ta the diet increased body fat �5,36!. However, in these
studies the level of energy and/or pratein were not held constant, therefore,
direct comparisan is not appropri.ate. Furthermore, subjective tasting of caoked
chickens from diets 1 and 4 suggested that the meat af birds raised on the chitin-
whey modified diet 4 were tastier than those grawn on diet 1. Sensary evaluation
of the meat from birds fed chitin and whey is necessary to determine if these
ingredients added product acceptability.
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Table 1. Composition of experimental diets used in experiment l.

Diet
In redients 3 4
Commerical lactose-tree diet
Dried whey
Double-sheared chitin
Soybean meal
Corn oil

100 94.5 63.5 57,5
0 0 20.0 20.0
0 2.0 0 2.0
0 2.5 12.0 15.0
0 1.0 4.5 5.5

Southern States Cooperative, Inc. starting and growing mash with
coccidiostat.

Table 2. Composition af experimental diets used in experiment 2.
Diet

1 2 3 4~ld elite

University of Delaware lactose-
free diet
Dried whey
Ground chitin
Soybean meal
Corn oil

100 94.5 63.5 57.5
0 0 20.0 20.0
0 2.0 0 2.0
0 2.5 12,0 15.0
0 1.0 4.5 5.5

1
This diet contained: corn 53.75%, soybean. meal 32a10%, blended fat
5.00%, meat and bone meal 7.00%, dicalcium phosphate 0.308; iadired
salt 0,356, DL-methionine 0,20%, choline chlarid» 0,20%, vitamin pre-
mix 0.509, and trace mineral premix 0.506. Thin diet, was formulated to
provide 23.5% protein, 3160 keel/g, 0.908 calcium, and 0.55% available
phosphorus.
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Table 3. The effect of doub!.e-sheared chitin and whey on the mean +
SD weight of broilers from the first experiment.

Da s
0 7 14 21 31Diet

grams
546
518
480
609

988 + 29.2
956b + 26.1
906a + 25.9

1105c + 31.6

347
348
298
359

190
182
180
194

81
87
86
80

a,b,c, 'Means + SD with different superscripts are significantly
different  P < 0,01!.

44 Feed EfficiencDiet. 0 9 24
grams

803 1739 + 72.3
823 1745b + 67.1
788 1669b + 70.1
831 1782c i 7S 6

l. 83b + O. 04
1.86 + 0.09
2.10 + 0.10
1.81b + 0.02

77
75
78
78

221
229
214
246

Calculated at 44 days of growth
b,c Means + SD with different, superscripts are significantly different

 P < 0.01! .

Table 5. Duncan multiple range test comparisons of mean ratios
of body weight to fat.

Pe licate Co arison Mean Ratio Devel of Si nificance

12 vs. 1 125 vs. 52 0.01
12 vs. 3 125 vs, 51 0.01
12 vs. 4 125 vs. 66 0.01
12 vs. 5 125 vs. 71 0.01
12 vs. 7 125 vs. 78 0.01
12 vs. 11 125 vs. 10'7 NS
11 vs. 1 107 vs, 52 0. 01
11 vs. 3 107 vs. 51 0.01
11 vs. 4 107 vs. 66 0.01
11 vs. 5 107 vs . 71 0. 01
11 vs. 7 107 vs. 78 0,01

1 vs. 3 52 vs. 51 NS
4 vs. 5 66 vs. 71 NS
5 vs. 7 71 vs. 78 NS

NS ~ not significant

Figure 1. A picture showing visual comparisons of abdominal fat pads
from replicates J,l and 12  from diet 4! and replicate 3
 from diet 1! .
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Table 4. The effect of ground chitin and whey on the mean + SD
weight and feed efficiency of chicks from the second experiment

Da s



CHITIN PUBLICATIONS FROM THE UNIVERSITY OF DELAWARE

Delaware Sea Grant Reports

The following reports, published by the Dela-
ware Sea Grant College program  except as noted!,
may be ordered from...

Sea Grant Communications
College of Marine Studies
University of Delaware
Newark, DE 19711

Austin, P, R, and Brine, C. J. 1981. Chitin Iso/ates
and Microcrystalline Chitin. DEL-SG-20-81,
15 pp., $2,00.

Austin, P. R.; Brine, C. J.;Castle, J.E.;Reed,G,A.;
and Zikakis, J. P. 1981. Chitin: New Facets of
Research. DEL-SG-11-81, 17 pp., $'2.00,

Austin, P. R.; Brine, C. J.; Hirwe, S, N�Reed, G. A.;
Whelan, H, A.; and Zikakis, J, P, 1980. Chi-
roptical Properties of Chitin, Chitosan, and
Glycosides of N-Acetylglucosamine, DEL-SG-
01-80, 31 pp., $3.00,

Brine, C. J. 1978, Chitin content and variation
with molt stage and carapace location in the
blue crab, Cailinectes sapidus. p. 509.«

Brine, C. J., and Austin, P. R. 1974. Utilization of
chitin, a cellulose derivative from crab and
shrimp waste. DEL-SG-19-74, 12 pp.  Out of
print. Available from National Technical In-
formation Service, U,S. Dept. of Commerce,
5281 Port Royal Road, Springfield, VA 22151.
Accession Number COM-75-10195, $5.00,!

. 1976. Renatured chitin fibrils, fgms, and
filaments. DEL-SG-1 2-76, 14 pp., 51.00.

Rutherford, F, A., III, and Austin, P. R. 1978,
Chitin solvents, complexes, and physical pro-
perties. DEL-SG-13-78, 25 pp., $2.00.

, 1978, Marine chitin properties and solvents.
p, 182,'

Schlotzhauer, W. S.; Chortyk, 0, T.; and Austin,
P. R. 1976. Pyrolysis of chitin, a potential to-
bacco extender. DEL-SG-!.0-76, 4 pp., $1,00.

«In Proceedings of the First International Conference on
Chitin/Chitosan, R. A. A. Muzzareili and E, R, Pariser,
eds. MIT-SG-78.7. Available from Sea Grant Program,
M.I.T., 77 Massachusetts Ave., Cambridge, MA 02139.
$10.00.
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United States Patents

The following patents, assigned to the Univer-
sity of Delaware, may be ordered from...

Patent and Trademark Office
U,S, Department of Commerce
Washington, DC 20231

Austin, P. R. 1975, Purification of chitin. U.S,
3,879,377, April 22.

1975. Solvents for and purification of
chitin, U,S, 3,89'2,731, July I.

. 1976, Chitin as an extender and filter for
tobacco. U.S. 3,987,802, Oct. 26.  Also avail-
able as Delaware Sea Grant Report DEL-SG-
25-76.!

1977. Chitin solution. U.S. 4,059,457,
Nov. 22,  Also in Delaw'are Sea Grant Report
DEL-SG-13-78,!

1977. Solvents for and purification of
chitin. U.S. 4,062,921, Dec. 13.  Also in Dela-
ware Sea Grant Report DEL-SG-13-78.!

1977. Chitin complexes with alcohols and
carbonyl compounds. U.S. 4,063,016, Dec.
13.  Also in Delaware Sea Grant Report DEL-
SG-13-78.!

1979. Method for converting dextro to
levo rotatory chitin. U.S. 4,165,433, Aug. 21.
 Also in Delaware Sea Grant Report DEL-SG-
01-80.!

1982. Renatured chitosan and process of
making same. U.S. 4,309,534, Jan. 5.

Austin, P. R., and Brine C. J. 1977. Chitin films
and fibers. U.S. 4,029,727, June 14.

. <98<.Chitinpowderandprocessformaking
it. U.S. 4,286,087, Aug. 25. <Also in Delaware
Sea Grant Report DEL-SG-20-81,!

Austin, P. R., and Reed, G. A. 1979. Preparation
of alkyl glycosides of amino sugars. U.S,
4,152,513, May l.  Also in Delaware Sea
Grant Report DEL-SG41-80.!

1981. Anomer Enrichment of Alkyl Gty-
cosides of Amino Sugars. U S. 4,'-50 301, Feb.
10,  Also in Delaware Sea Grant Report DEL-
SG-11-81,!

Austin, P. R.; Zikakis, J. P.; and Brine, C. J. 1982,
Lactose-rich animal feed formulations and

method of feeding animals. U.S. 4s320,150,
March 16.  Also in Delaware Sea Grant
Report DEL-SG-10-82,!


