From: SURFACTANTS IN SOLUTION, Vol. &
Edited by K.L. Mittal and P, Bothorel
(Plenum Publishing Corperation, 1986)

STAINING AND DRYINC-INDUCED ARTIPACTS IN ELECTRON MICROSCOFY OF
SURFACTANT DISPERSIONS;—1I1: EVIDENCE FROM OPTICAL HICROSOOPY AMD

A NEGATIVE STAINING CASE

F. K. Kilpatrick®, W. G. Millerb® and Y. Talmonees

*Department of Chemical Engineering
Rorth Carclina State University
BEaleigh, North Carciina 27695-7905

*#Departments of Chemlical Engineering and Materials
Sclenee and of Chemistry
Undveraity of Minnesota
Himmeppolis, Minnesota 55455

AdADepartment of Chemical Engipearing
Technlon - Isvael Insticute of Technology
Haifa 32000 ISRAEL

Previously, ve have shown that the struccures imaged in
the eleciron microsoope of adr-dried sguesus mixrures of
sodium 4-{1'-lepeylnonyl) benzene sulfonate (SHBS) and sodium
sctanoate (NaDc) with uranyl acetate (UA) and barium chloride
{hl:lrll were not present before drying; both SHBE and Malc
are positively stained by UA and BaCl . Here, we presant
results on aqueoun disperalons of didodecyldinechy lammon lum
bromide (DDDAB), which 1s stained negatively by UA., Addi-
tionally, w= preseant further resulte oo Bedec with UA which
shiow that alchough there i » strong correlation EmOTE
visual, optical micrescopic, and sl=etron microscopic ap=-
pearance in the dried state, these structurss bear no
apparent relacionship to che oripginal, hydrated surfactant
fluld microstructure. Evidence {s drawn from elestron and
paiarizing optical microscopy, nmr spectroscopy, and dif-
ferential scanning calorimerry, We conclude that haavy
petal stains can only be used as structurs—pressrving con-
tragt agents in electroo microscopy of surfactant disper=-
sions if the sample Lo elther fest-frozem to praseTye the
hydrated scate or if the ssmple v frozso and them im-sika
freece=driod.

IRTRODUCTION

Electron microscopy has been widely usad for direct determinarion
of surfactant micromtructures, Because of the high vacuum required in
the electron microscope column (< 100 torr), the samples must eicher be
chemically or thermally fixed befora lmaging. Tolmon, Falls, and
othersl,? have shoun that fast-freezing can preserve the structure of



1iquid crystalline snd vesicular dispersions and that thess Btructures
can be readily imaged in the glectron microscope. With aithar air-dry-
ing or in-situ freese-drying, however, thare is not mufficlent alactron=
density contrast to observe the surfactant, Consoquently, it must be
stalned with a ntrong ecattarer of glectrons in soms way Co enhance com=
crast.

A common techaique for staining surfactant microstructures is to
miz the aqueous surfactant dispersion with mn aquecas stain solucion,
such as uranyl acetate or phosphotungstic scid, place a drop of the
mized sample on & film-covered micromcope grid, and allow the sample to
dry in air before imaging. Depending on the drop size, the substrate,
and the humidity or the alr, the sample can toke from a few minutas to
an hour or so to completely dry to either crystals or crystal hydrates.
puring drying (ueually several minutss) precipitation of surfactant atid
gtain from moleculsr solutiem and ﬂgﬂ structpral rearTangemsnts Are
constantly occurring. Wa have showm that the "fringes” observed by
others®s? in the electron micrographs of drisd purfactant-stain samples
and believed by thes to be bilayers characteristic of the original, by~
drated sample, are, in fact, produced by the precipication of surfaccant
and stain from molecular solution during drying. They bear no ralaticn=
ship to the origimal atructures and were not present in the origimal
pample.

We present here evidence for the existence of drying- and stalning~
induced artifacts in aqueous dispersions af a surfactant, didodecyl-
dimathylammoniue bromide (DDDAB) , which is etained negatively by UA.

We also present further evidence of a strong correlacion amomg vipual,
optical, and elsetron microscoplc Appearance of dried NaOc-UA ssmples
which have no spparent connection o the original, pure, hydrated sur-
faceant fluid microstructurs. Our evidence for microatructure and micro=
anvironment comes from electron microscopy, nET spectroscopy, and dif-
forential scanming calorimetry, Our evidencs for macrostructure comed
from poleriziog optical microscopy and visunl eppearance. DODAB was
obtained from Eastman and recrystallized twice from ethyl lﬁltlﬂj The
other experimental materials and mathods are described elsevhera,

RESULTS

DODABR - Warer

A 2 wtl DDDAR dimpersion in water, pH 6.6, wan preparad by adding
the surfactant to water followed by gentle shaking of the dimpersion.
A drop of tﬂ-dimﬂmnmplludw-;lmﬂminimtn
the optical microscope while drying. initially, spherulites of positive
pptic sign which characterize the disparsed lamellar phase werm observed
(Figure 1a), As the sample deied, "oily gtreaks” (Figure 1h) character-
igtic of the concentrated lsmellar phase appeared at the drop's edge.
0ily stresks and concentrated spharulites persisted until the sanpla
was nearly dry. These resulls ware not pli-dependent upon the sddition
of sither acetic acid (HAc) or sodlum hydroxide (HaOH).

A concentrated sample of DDDAR (501) was elso prepared and sxamined
microscopicaily. Upen original placement, the specimen's sppearance was
featursless, Aftsr ssveral hours under a coveralip, very large odly
stresks began to form néay the edge of the sample (Figure le). After
several @ays, the entire ssmple exhibited hgp olly streaks as vell as
5 mosaic pattern of lamallar positive unite:



Figure 1, Optical photomicregraphn betwesn crossed polarizers of drying
droplet of 2 wtl DIDAR in water, pi=6.61 (&) epharulites
indicacive of disperesd lamellar phase in drop inicially upon
placement; (b) oily streaks at drying edge of drop coexisting
with spherulites; (e) 50 wid DODABR in water under coverallp,
phi=7, exhibiting large olly scraaks.

DODABR-UA-Water

A 1 wel DODAB-1 wel UA sample in watér vas preparad by combining
equal volumes of stock solutions, and cooling in sn ica-water bath for
30 minutes; the pH was 4,5. As with the 2 DDDAR solution, spherulites
werg immedistely chsarved. After a short period of time, oily streaks
became visible at the edge of the drying drop (Figure 2a). 1In contrast
to the UA-free sample very distinetive needle-like textures, having the
appesrances of crystals, wers sean throughout the sample (Plgure 2h).
Their sppesrance was similar in form to "batonnets' of a hexagonal phase
observed by Rosevear® In concentrated alkali carboxylate samples, How-
ever; as the sample continued te dry, these textures disappeared. We
mst conclude they are elther Cextures of a liquid crystalline phase nor
seen in the pure surfactant sclution or that a region on the phase dia-
gram wan traversed in which a crystalline phase was presemt. Upon
further drying of the sasple, & very discinerive crystalline pattern not
resembling the dried pure DODAB diwperoion was ohserved (Figure Ze).

The 1 wtl DDDAB-] wtl UA sample was adjusted to gl 6.5 with NaOH,
Disparsed liquld crystallites were evident as spherulites observed in the
optical microbcopic. This dispersion upon drying exhibicved quite differ-
ent textures than the parent disperaion of lower pH, or the 2 wtX DDDAB
dimpareion at pH 4,6, As the sampla dried, small droplecs (Figure la)
af a separating phase were swept to the drying sdge of the pmmple, In-
side these droplets were concentrated the nesdle-1ike tentures obsapyed
in the pH 4,5 sample. As these droplets dried, their adges bocame
brightly birefringent (Figure 3b). In addition dendritic crystals simi-
lar io appearance to uranyl hydroxide bydrate bogan to form throughout
the viewing srea (Figure 3c). Charscteristic crystalline textures, dif-
forent from those obmerved in ths sample of lower pH, appearad upon eom-
plece drylng.

We also examined o concentrated DODAB-UA sample (403 UA-40% DDDAR)
in thz opticsl wicroscope, After smearing che sample on & micromcope
glide and covering it with a coverslip, the sample wan oxamined over
several days. The large olly streaks which hed been ween throughout the
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Figure 2. Optlcal photomicrographs of drying droplet of | wel DEDAR-1
wtX 04 in water, pH=4.1: (a) olly streaks near edge of drying
drop; (b) peedle-llke textures; (o) distlnctive crystalline
pattern exhibiced by dried specimen.

Plgure 3. Optical plotemlcrographs in drylng droplet of 1 wil DDDAB-]
witX UA in water, pH=6.51 (i) droplets of separsting phase
enclosing nesdle-1lke texturesi (b) birafringent bordera of
deving droplets (note presence of spherulites); (e) large
dandritic crretals formed upon drying.
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Figure &, Opcical photomicrographs of A0 wirXl DDOAR-A0 wel TA in water
under coverslip, pH=7: (a) polygonal erystals formed through-
out sample; (b) distinceive feathery textures {n isolaced
portions of sample.

0% DUDAR in water sysbtesm wers never observed in this sample. Llarge
hexagonally-shaped crystals which had not been present in the UA-Eres
sample were now saen (Flgure 4a), 1In additien, distinctive feachary
téxtures not seen in either the UA sampls or concentrated DDDAR mample
were obsarved (Flgure &b}, The eclerful wranyl scetate dibydrate cryve-
tals we had obwerved previcusly im drying wranyl acetate at lower pH
were also evident in the thimner secrtions of the sample,

Changes in pH also affected strongly the structures as revealed by
Mgh resolution electron microscopy of dry specimens prepared from dis-
persions of 1I DDOAB + 1T UA. DUried specimens prepared from dispersicns
of pH 3.1 or pH_#.7 and higher produced mo fringes such as reported by
Kajiyama ﬂn_l."r and taken as evidence of liposomes of lamellar Iiquid
cryantaln. A solution of pll 3.9, howewer, produced small, round struc-
tures of concentric fringes (Figure 5a) similsr to Kajiyams et al.'s wo-
called liposomes, At pH 6.0, enly brosd expanses of amorphous reglons
wera abmerTved, while ac g 7.0, needle—like crystols of ca. 0l um in size
ware seen (Figure 3b). Cleacly, the appesrance of fringes (o electron
mizroscopy of dried DDDAB-UA esmples has little, Lf aoythlpg, Eo do with
the original syrfsctant Fluld microstructure. The sample pH, ot pH
mdifier, greatly affacts the cbasrved structura.

Alehough the macroscoplc textures observed in the optlcal miercacope
appeared to be guite differect in dryiog swples of DDDAE and DODAD-UA,
13¢ nmr spectra and differential thermograms (ndicated the surfactant re-
mained predominantly in a lamellar phase in the oydraced scate. Filgure 6
shows 13C nmr spectra of a 20 wel DODAR 1n CDCly solution, a 20 wtl DDDAS
in water disperaion, and 10% DDDAN - 10 UA ddspersion st pH 5.3 and



11.%. The surfactant solutise 4n chlerofors was isetroplc as Lladicated
by the narrow and well-resolved carbon Tesonances, In watsr, the sur-
factant appeara to be zovieg mooe slowly and aninotropically, commilstent
with the lsmellar morphology indicated by optical microscopy. The carbes
resonances do not change significantly lo either chemical shift or lice
wldth upon additicn of an equal wedght of Dh. The methyl resomance of
the acetats group Tow sppears as 4 shoulder on che unresolved DDDAS Te-
sonsnoces while: the garbonw]l rescnance of the acetate ;Bup is wmll-re-
polved. Wor all spectra of the DDDAE lamellar piua. C chemical shifee
sgreed wich those reported by McNeil and Thomas.
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Flgurs 5. Transmission electron micrographs of afr-dried specimens of
1 Wt DODAE-1 wiX DA: [a) counded fringes cheerved im sample
of pH 3.5; (b) pesdle-like crystals im sample of pH 7.0,

Tharmogrems of a 50T IDDAB in water disperslon and a 40 DOTABR-AOT
4 in water dispersion are shown im Flgure 7. The large chareal transi-
tion for bulk water at ca, 273 K indicates both dispersions are biphasic,
The sealler thermal transicion above chis tespersture are presumably
asscciated with the gel-1liquid crestal transicion, im ag-e t with the
tranzition temperature of IB9 E reported by Kaiivema ec al,’ Ffor DDDAB-
water., The eddicvien of UA hes oo effact on this thermal transitlon.

HaDo-Water, & 2 wtl aicellor solution of Halc in water wes pre—
pared, (pom drying, distinctive birvefringéat textures ward sbeerved.
Théese include large spherulites of posicive optic mign (Figure Ba) smd
expanses of parallel scrintions (Flgurs BB} indicative cof the hexzsgonal

404




A B ¢ D E F € H

(cH rﬂ.‘-ﬂ’-Iﬂll'ﬁ-ﬂz-ﬂ!}!-l*-{ﬂ;l:

(a)

(b)

=0 on Acatats I

(e}

{d)

Pigure 6. Proton-decoupled 17C nmr spectra of (s) 20 wtX DODAS fn
COCly; (b) 20 weX DODAR io water; (c) 10 wtl DDDAB-10 wEX UA
in water, pi=5.3; (d) 10 wtI DDDAR-10 weX DA in water,
pli=11.3. Structural formula shows resonance assignments.
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Figure 7. DSC tharmograms of (a) 50 wci DODAR in water, pE=7 and
(b) 40 wtl DODAB=AD witX UA in waber, pH=7.0.

Filgure B. Optical photomicrographs of drying droplet of 2 wil Nale in
water | pH=71 (&) partisl spherulltic textures; (5) extremely
umifomm parallel siriatioms of hexagonal phase.
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phase,.d 13C pwr spectra of 10 wtl HeOc solutions in water show wells
resdlved resonance lines of narrow linewidth indicating rapid sod iso-
tropic motion charncteristic of the micellar phlld.

Upom Md:l.t:tplﬂ an equal smount n;ﬂllmﬁ.ntutm to the 2 wtl
HaOc in water selution, a vellowlsh-green precipitate remilted, The
visual appesrance of these Nalc-UA-water wan n strong funcrion
aof pH, At pH 5.1,,:!1-!?-11:-1* gh-grean Pln;it tml-ltﬂ te the bat-
tem of tha containing flas leaving a ¢ 20, supeThstant, At
pH §,0, there wers both sediment and fipating yellowish-green precipitata
and the solution had considerable suspended precipitate throughout. At
pE 7.0, there was much wore precipitate than in the disperatons of lower
pH and most of this solid floated on the selution, Ar pH 8.0, the color
of tha precipitate darkened to a desp yellow and all of cthe lnlid now
sedimented, At pll 12.4, the sediment was quite dense snd desp orange in
color, &3¢ nmr apectra of these samplos indicated the surfactant remains
tn fsotedpic solution. In anticipation of a corresponding varistion in
texturs and sicrostructore, this ssquence wvan #xamined by both polariming
and electrom microscopy.

The KaOc-UA mample of pH 5.1 showed large angular ﬂli;ﬁ:. probably
t'l

uranyl scetate dibydrate (Figure Sa), imsediately upon p As tha
solucion dried, bhirefringent textures app2ared but these W not of the
sume regular structure as in the Ud-free sasple, HRosattes to mu-

clente about UA evyetals, and a lesws bright biréfringence was oboerved
throvghout the sample (Figures 9b and 9e), 1In the sample of pH 6.0, very
similar yellowish-green crystals wers obferved immediately upon placement
of the drop, As in the sample of lower pH, as the solution dried & bire-
fringent texture appesred with the brightest regions ssemliig to nucleats
about the BA crystals, The sample of pH 7.1 alep had large yellowish-
groen crystals throughout before dryiog. As the sampls Mﬂ., howvever ,
fibrous textures not aseen in the two les of lower pHl appeared (Figure
94}, Many of these fibers appeared to from l:'l'!'ll:l].i 1lke the ro=
settes of the lower pH samples, It is mot knowm, whecher these
structures are comprised of surfactsant, (A, or a mhiutf of the two,
The pid 8.0 sample exhibirved rqulirllmht‘m-l along ite drying edge
(Flgure 98}, These Lexfuras ware Redn m the DA-fres NaOec sample
and are identiffed as hexagonal liquid cry#talline. In scme isolated
reglons of the sample, fikrous taxtures s sesn in the pH 7.1 sampls were
obperved, The pH 12,5 sample exhibited textures very similar to those
in the pH 8,0 sample, COrange crystels were seen rather than yellowlsh
opes, but the liquid crystalline textures chserved upon drying vere much
like those in UA-free samples,

The pH dependence of elsctron mleroscopic observations of dried
Halle+[A samples corresponds well to ﬂm} and ppticel microscopie ra=
sults) we have described these elsewhare,

DISCUSSTON AND CONCLUSION

Talwoo® hss shown that air-drying of aqueous surfactant-etain sam—
ples pan produce "fringes" even though the original hydrated surfactant
sample is known to be & woleculsr or micellsr solution. In-situy frssze-
drying, on the other hand, hanm baen showva to prasarve the origlo original sur-
!“m: ﬂnﬂf !il:rlaitr'u.tturt when cryetals, liguid ervatals, or vasicles
are present Here, we hove shown the sffects of air-drying and origi-
nal ssmple pH on the mscrostructures cbeerved by optical microscopy dur=
ing mir-drying, The system chosen--00DAE stained by U4 in water—is an
axample of negative scaininmg., These structures were then comparasd with
resulea from electron microscopy of the dried structures and with results
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Figure 9.
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Optical photomicrographs of drying droplets of 1 wtX HaOc-

1 wtl UA in water: (a) crystal in sample of pH £.27 (b)
birefringent rosette of hexasgonal phase centersd abowr angular
crystal in sample of pH 5.2; (c) birefringent pattern of oon
geometrlc texture in sample of pH 5.2; (d) fibrous texture

in drisd sample of pH 7.1; (e) parallel striations of hexa-
gonal phase in sample of pH B.0.



from nmr and differential scamning calorimetry of the hydrated systems,
There did not appear to be any correlation between the ob#erved presence
of lemellar liquid crystals {n the hydrated statz and the Presence or
abasence of fringes inm the electron microscope in the dried state; We
also systematically cbserved phase transitions during deying and the ef-
fact of pH on those transitions.

Dilute dizperaions of DDDAE mnd UA (1 wtI-1 wcX) exhibited optical
textures conmsistent with a dispersion of lsmellar liguid crystallites
Blightly more concentrated dispersions (10 wtX DDDAB-10 wrX UA) gas b{:
mur spectra which showed a motlional gradieat along the surfactant alkyl
tall consletent with a lamellsr morphology, Concentrated dispersions
(40% DODAB-40T UA) showed thermal absorption peaks consistent with a gel-
liquid cryatal transition in agresment with the pure surfsctant in water,
Thue it must be concluded that the presence of uranyl acetate does not
slgnificantly perturk the lamellar phase in the bydratod state, Nonsthe-
less, oprical micrographs did {ndicate that crystaliine and liguid crys-
talline structures, oot presant in the original pure surfactant disper-
slon, precipitated from soluticn ef the semple dried in alr, Moreover,
the form of these precipitacing etructures depended on the pH of the
original dispersiofi. pH is a variable rarely controlled or monltorsd by
othern®s 310 wtio use stalning-drying techniques,

The fringes obearved in the electron microscope also appeared to
depend on the pH of the original dispersicn, but there was no obvious
cannection between the pH dependence of texturas observed in the optical
microscope apd these fringes, Ideally, we would like to understand the
comnection betwesn the appearance of Eringss in air-dried samples and
the aspoclated phase behavior during drying. Ia the dried sample the
fringes are produced from stain-surfactant structures no more chan SO-100
A thick, In the original liquid erystalline dispersions of DODAR in
wator, the liposome size varies from about 0,05 to several hundreds of
microns. Thus, the fringes observed i{n the dried sample bear no obvious
relationsbip to the original hydrated sample, Rather these fringes are a
resulta of precipitation of surfactant and stain a8 the sample dries,

That the existence and maturs of these fringes are stroog functions
of pH indicates that the phase behavior during drying in these systems is
not simple, This is clear from both the umpredictable cccurrence of
fringes In the electron microscope as well am the unususl dependence on
PH of optical microscopic textures during drying for both TDDAD and NaOc
in the presence of UA. Nonetheless, the original hydrated samp lea of
DODAR remain lsmellsr llquid cryscelline in the presence of UA. Similar-
Ly, the original hydrated samples of Malc remsin micollar in the presence
of DA,  Thue, it is che drying in the presence of UA and not Just the
presence of the stain which renders this preparation technique for elsc-
tron mieroscopy unusable, These observations are made from the combined
evidence of electron and optical microscopy, 3¢ mmr, and differential
sranning calorisetry.

It is clear from our work reported here and elmewher=2+3 that stain-
ing with heavy-metal ioms and alr-drying is & totally unsatisfactory
technique for preserving surfscrant fluld microstructures or enhancing
contrast in slsctron microscope specimens, Heonetheless, Kunicaks and
others? 10 porsist in using this method for establishing structure in
hydrated surfactant specimins. Thelr eléectron micrographs are almost
certainly artifact-ridden, Alternatives to this technigue are fast-
freeee, cold-stage electron microscopy of hydrated specimens (with or
without in situ freeze-drying), Freeze-fracture followed by replication,
and polymerization of surfaccant fluid microstructures followed by molvent
exchange and drying. These teclniques are reviewed in rhe proceedings of
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this conferance’’s1? snd have been shown to successfully preserve liquidl '
eryatalline and veslcolar dispezsdicons for elsccron microscopa Tmaging .,
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