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We huve nbmmrd womic umluuon imuges of palyx D glucoss by seanning tinneling mieroscopy. The axygen alemy near the wanning Up were

- imaged, Bul the carbon dnd hydrogen dtoms wory nol visible. The messured inter-miomic distances sre cangisient with the molecular structuse

of poly-z-D-glucose dedueed from chemieal and X. -ty diffraction studics, The resulis wlse demonsirate thal Is is feasible 1o image surface atomie

structures of u eelatively thick nan-condueting speeimen, xuggesting that the technique may be-applied 1a the study of ather mncromclecules of
. Riological impariance. ‘

Seanning {unnv\inn micmscupr‘(_STM B Glyu;ugcn: G‘luccu. sirugiure

I. INTRODUCTION

Scannmg tunnehng m:crosmpy (STM) has been used

to study ultra-microscopic structures of biological

- macromolecules adsorbed on a conducting surface, and
is normally performed at room temperature with the
specimen cither immersed in water or exposed in air
[{-3]. High resolution images of many such
macromolecules  at near native conditions have besn
successfully obtained, despite the lack of any clear
theoretical understanding of contrast formation by
these structures. Imaging of short DNA molecules
(both single-strand and double-strand helices) [4-11),
amino acids [12] and other organic compounds [13-15]

- have demonstrated atomic reselution. Images at lower
resolutions - have also been obtained for larger
molecules, such as phosphorylase Kkinase and
phosphorylase b [16], microtubules [17], glycogen par-
ticles [18], and others. In this report, molecular resolu-
tion images of poly-a-D-glucose obtained by STM from
glycogen molecules are presented, thus further exten-
ding the family within reach by the STM for ultrastruc-
tural stidies. Our results show that oxygen atoms are
clearly visible in the STM image when they are at the
surface of the molecule, demonstrating the feasibility of
atomic resolution imaging of the surface of a relatively

- thick non- conducung specimen at reasonable sxgnal»to-

' noise l‘ﬂ.tlD
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2. MATERIALS AND METHODS |

Purified glycogen pariicies from rabbit liver, purchased from
Sigma Chemicals (Sigma type L[1), were dissolved in & 10 mM NaCl
solution, as suggested in (18], The appropriate glycogen concentras -
tion for STM imaging was determiined by preliminary elestron
microscopy. Droplets of several diffesent concentrations of glycogen

~ selution were applied (o freshly cleaved highly. ariented pyrolyiie

graphite (HOPQ) surfaces (for STM) and thin earbon films on copper
grids (for slectron microscapy). After a few minules, the residual li-

quid was removed by a piece of optical tissue paper, leaving a thin
layer of the solution on the surface o dry in air. The speeimens
prepared on carbon films were first rotary shudowed with Ft and
observed in a transmission electron micruscopc. We found that 0.5
mg/ml caneentration was suitable for STM imaging: glycogen par-.

ticley were mostly separated without forming large clusters.

The STM images were recorded with a Nanoscope I (Digital In- .
struments inc., Santa Barbara, CA). The STM was operated in the
height mnde, where the distance between the tip-and the graphite sur-
face s fixed, The surface topology was obiained 1hirough a conversion
of tunneling current variation to distance.(the calculations. were
automatically performed by the software). The typical bias voltages -
and set point currents were, respectively, about 100-200 mV and -
0.2~0.5 nA, To obrain high resolution Images, the scanning offset has
to bg kept rather small, for we found that if the xy offset of the D head
scanner is more then 300 nm, the nojse of the offset voltage is high
enaugh to prevent alontic résolution: the graphite atomic image can
no longer be obtained, Therefore, the specimen area of interest must
be carefully moved to tha center, During the fisst scan, a rather large
height value was used to avoid crashing the tip. After some features
were observed, the height was gradually reduced to improve both
resqlution and signal-to-nolse ratio. The high resolution image of
poly-a-D-glucose presented in Fig: 2 was obtained at a set helght valae -
of '10.0 nni. )

3. RESULTS AND DISCUSS[ON |

In the 5TM, we have observed intact g]yc'oge-n par-_
ticles [19] close to the dimensions determined from .
carlier clectron microscopic studies [20,21]. Some of
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them have the previsudly reparted 'laminated’ sirue-
tures [18). In additien, we alse found large clusters
formed by 200-400 A long molecular chains, In Fig. 1,

one of these clusters [« shown, The strueture is elearly

. visible even at this low resalution: most of the chaing
are aligned with each otherin parallel. I order (g reveal
the atomic struetures of these chaing, the area marked

in Fig. I was scanned nt high resolution., The resulis are

shown in Fig. 2, where (A) is the originial data arid (B)

is the image after low pasy filtering. The molecular

structure shown is very stable and the same image ean

be obrained repeatedly without apparant siructural or
positional change (except the drifting of the scanner). It
i3 noted that the helix structure af the «<l,4 linkage,
about & units per turn in glycogen (22} is not se¢n, may
be due 1o the drying process. A portion of Fig. 2,
presented as a surface plot in Fig. 3, shows clearly that
the three atoms visible in gach unit are not ar the same
height. We interpret the observed chain structure to be

~a fraction of a glycogen molecule braken down during
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cliemival bsolation and purification, and farmed by
repeated e-D-glucose units, Derniled wmeasurements
also revealed that the chain itsell has height varlance:
along lts.direction. When the eontrast was enhanced o
show thve darker area, a complicated molecutar network
beneath the chain could also be seen in the region of
Fig. 1. Direct height measurement on Fig. 2 yields &n
- apparent specimen thickness of about $0 A. However,
the atomic resolution obtained requires a very small gap
between the chain strueture and the tip, indicating the
actual specimen thickness to be near 100 A since the tip
height was set at 100 A. This discrepancy in height
C measurement has been reported by many others in-
- vestigating different organic materials [L1,16,18]. .
" Singe the molecular formula of a-D-glucose has been .
established from chemical studies, we have constructed
n molecular mode} assuming «(1-4) links. for com-
parison with the observed data (sce Fig. 4). As can be
seen, there are remarkable similarities between the ox-
yg2n atoms in the model and the abserved image. [t ap-

-

<
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Fig. i. One pely-a-D-glucose cluster viewed by STM at low resolution, Image size is S0 nm X 50 nm, Even &t this resolulion, lh“e‘_chain‘ structures

are clearly visible. The images are shown directly from the original data without any filtering, The area marked
: ‘ ‘ s at high resolution.
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by the arrow is shown in Fig. 2
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Fig, 2. Thelmage of the mafked area in Fig, 1 isshown at high resolu-

" tion. The shown tnage is a portion of a larger sean size of 10 nm x.

10'nm at a bias voltage of 180 mV, a set point current of 0.49 nA, and

a height setting of 10.0 tm. (A) is the ariginal dataand (B) istheimage

after low pass filtering, Image size: 5 nin % 3 nm.

pears that the catbon atoms and the oxygen atoms at

lower positions (which are further away from the tip) -

are not visible in the image, The invisibility of saturated
carbons is consistent with previous observations [13] on
alkylcyanobiphenyl molecules in STM, and we do not
have the explanation on why only oxygen atorms are
visible.' Although the exact distances between oxygen
atoms in poly-a-D-glucose are not available, the in-
teratomic distances in individual glucose molecules

have been measured to a high resolution by X-ray
crystallography [23]. Based on these measurements and
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Fig. 3. A porden of Flig. 21 is shown ax a surface plot, The abserved ‘

Cstrusture b not Mat einlser whthin eagh unit or aleng the ehain. Image

size: 2 nm % 2nm.

assummg that the basic structure af glucose remains un-
changed when the polymer is formed, we calculated the
distances between the 3 visible oxygen atoms indicated
in Fig. 4. These calculations and the results measured
directly from Fig. 2 (without any correction) are shown

“in Table [. They are in excellent agreement: the largest
_ deviation is only 3.6%, well within the experimental er-

ror. This result indicates a rather accurate height
measurement at this seale. It should be noted that by
direct structural study, we can definitely show the dif-
ference between «-D- and B-D-glucose chamns. As

shown in Fig. 5, the positions of O6 in cach unit are ob-

viously different for the a-er, -, and 8-8 configura-
tions. Fig. 2 clearly shows that the chain is made only by
«-D-glucose. Therefore, we directly confirm the struc-
ture deduced from chemical studies.

The accurate height measurement on the ammlc scale

~ between the oxygen atoms seems inconsistent with the

reduced total specimen thickness measured according to
a ;unnelmg current/distance conversion by the soft-
ware. However, this apparent inconsistency can be ex-

- plained by a simple theory assuming that the average
- bulk specimen thickness is determined by the dielectric

effect, while the atomic resolution at the surface is
determined by a direct wavefunction overlapping bet-
ween the tip and the specimen. Therefore, the contrast .

‘mechanisms are completely different. Simple calcula-
tions indicate -that in such a situation, the height
Theasurement of the molecule at atomic scale should be

accurate, as long as overlap of the wavefunction is suf-
ficient {close distance), a condition identifiable by the
observed atomic resolution. This result is not affected
by the details of the bulk material beneath the molecule
[24]. ‘
In coneclusion, we have. demonstrated that atomic
resolution images of poly-a-D-glucose molecules at the -
surface of a relatively thick nonconducting specimen
can be directly observed in STM. Despite the discrepan-
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Fig. 4, Comparison between the observed image and the structure deduced from chemica! studies. (Left) The three-dimensional molecular mode!
construeted from X-ray diffraction and.chemical data, Open circles reprasent oxygen atoms at higher positions, :lms seen in the image; shaded.
circles are those oxygen atoms at lower positions and solid circles are carbon atoms, (Right) 4 units ef Fig. 2 are shown. Notice the casily
recugnizable similarity between the oxygen atoms and the observed impge (marked with arrows), The cxygcn atoms at lower positions and the cars
‘ bon atom are not v:slble in the mnge ‘

cy in bulk. height meausurements, the atomic scale
mieasurements are quite accurate when compared with

X-ray data. Our results show that oxygen atoms in an

organic compound can be visualized by STM, and con-

firm the poly-a-D-glucose structure deduced from
chemical studies. We would like to point out that, until:

now, -atomic resolution images of macromolecules,

such as DNA and other organic compounds, have only
been obtained from adsorbed miono-layer molecules,
where the distance between the tip and the conducting
surface is very small, while in our case the atomic struc-
ture was obtained at the surface of a rultilayer

molecular adsorbate on a conducting surface. Our

Table 1 .
Inter-atomic distances of oxygen atoms in poly-a D-glucose
Inter-oxygen S:I'M S X-ray ¥, Deviation -
atoms A (2 SDY A ‘
06-06* 4.34 (£0.37) 4.50 3.6
06-04(01 ™) 4.22 (x0.52) 4.12- ] 2.4
06-02% 5,44 (x0.58) 6.54 I

*indicates that the oxygen atom is from a nelghbormg unit. See Fig.
4 for details. SD is the standard deviation.
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results suggest that, in some cases, STM can be directly
used to study the surface atomic structure of large bio-
molecular complexes thhout extensive specimen
manipulation.. ‘ ‘ o

o oK =
o G
S N=0" N=0 o ‘
| CHOM ' CHOH  CH;OH  CHOH  CHOM.

oH CHON oW CHOM o
o)

()

CHaOH OH  GrHpOH  CMzON

Fig. 5. Symbolic molecular strucires of po'lyglucose formed by: (a)

o, (B) o, (<) 3.8, Notice the difference in appearance of the OF
atomsin the chain structure, Compared wlth Fig, 2, only the a,o con-
figuration is observed,
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