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D
endrimers show great promise in
drug delivery1-4 as they increase
solubility and in vivo compatibility

of drug molecules such as nonsteroidal anti-
inflammatory drugs (NSAIDs).5-9 Among
NSAIDs tested, most of them such as keto-
profen, aspirin, and indomethacin revealed
better pharmacokinetic performance when
delivered by poly(amidoamine) (PAMAM)
dendrimers.10-12 Despite the lack of direct
observation, this enhancement was rationa-
lized by the molecular level interactions
between drug and dendrimers.13-16 The
PAMAM system contains successive itera-
tions of amidoamine chains which branch
from tertiary amines and are capped
by functionalized termini.17 NSAIDs such
as indomethacin could attach to the
hydroxyl-termini or the intramolecular
amines via hydrogen bonds,13-16 resulting
in an enhancement factor up to 3.25 times
for reported rat edema models.6 Similar
solubility and performance enhancement
has also been found in ketoprofen-PAMAM7

and ibuprofen-PAMAM dendrimer11

systems.
Further enhancement of solubility and

delivery performance could be attained by
increasing the load (i.e., higher number of
drug molecules per dendrimer) and attain-
ing designed drug-dendrimer interactions
to achieve stability and release. These de-
sired interactions could benefit from the
experimental measurements of load and
drug-dendrimer interactions. While struc-
tural information of drug molecules on the
exterior and interior of dendrimers have
been postulated through Molecular Dy-
namics simulations,13,16,18 direct evidence
from experiments are still lacking due to
difficulties in visualizing intramolecular
structures of drug carrying dendrimers.

Scanning tunneling microscopy (STM) is
known to provide the highest spatial reso-

lution imaging, reaching submolecular and

even atomic resolution for conductive and

semiconductive systems.19-25 Using metal

ion tagging, our previous studies showed

that STM enabled the visualization of in-

tramolecular features of PAMAM dendri-

mers such as their hydroxyl termini.21 In

this investigation, we extended this ap-

proach successfully to indomethacin carry-

ing dendrimers. STM investigations enable

imaging of the hierarchical structure of the

PAMAMs and indomethacin molecules,

and determination of the strength of

indomethacin-PAMAM interactions. The

insights provided in this study shall benefit

the design of more effective dendri-

mers and optimization of the delivery

performance.
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ABSTRACT Dendrimers have shown great potential in drug delivery because of their

enhancement of drug solubility in aqueous media, leading to an increase in in vivo circulation

and efficacy to targets. The structure of drug-dendrimer complexes however, is not well-known

owing to the difficulties associated with visualizing individual drug molecules attached to

dendrimers. Scanning tunneling microscopy (STM) enables visualization of dendrimer intramolecular

structures using our approach of metal ion tagging. This work extends the approach to reveal the

hierarchical structure of indomethacin-loaded poly(amidoamine) hydroxyl-terminated dendrimers.

STM imaging provides structural information such as their height, lateral dimensions, and volume.

High-resolution STM images enable the identification and count of individual indomethacin

molecules bound to the anterior of dendrimers. Removal of drug molecules by the STM tip allows

the calculation of individual drug-dendrimer binding energy, which is consistent with 1-3 hydrogen

bonds. These investigations provide new insight into the hierarchical structure and nature of

indomethacin-dendrimer interactions and deepen our understanding of the stability and

pharmacokinetic behavior of dendrimer-based drug delivery vehicles.

KEYWORDS: self-assembled monolayer . dendrimers . hierarchical structure . drug
delivery . STM . nanocarrier
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RESULTS AND DISCUSSION

Uploading of Indomethacin Resulted in Increased Dendrimer
Volume. STM imaging reveals that G4 PAMAM-OH-
(Pt2þ)n-(Indo)m dendrimers are taller than the base G4
dendrimers. Figure 1A is a 18� 18 nm2 STM topograph
of G4 PAMAM-OH-(Pt2þ)n-(Indo)m dendrimers im-
mobilized on Au(111). The inset in Figure 1A is a 60 �
60 nm2 STM topographic image showing the high sur-
face coverage. The bright protrusions correspond to
individualG4PAMAM-OH-(Pt2þ)n-(Indo)mdendrimer
molecules. The STM apparent height, or hAPP, is obtained
by measuring the height from the lowest point in the
immediate surrounding matrix to the top of the dendri-
mer. In cursor profiles 1 and 2, the indomethacin-loaded
dendrimer is colored dark blue for differentiation from
the surrounding matrix which is shaded gray. These
cursors indicate that dendrimers loaded with indo-
methacin adopt an elliptical dome shape similar to the
base dendrimers reported previously.17,21,26 The hAPP in
cursor profiles 1 and 2 is 0.50 and 0.57 nm, respectively.
Figure 1B is a 18 � 18 nm2 STM topograph of G4
PAMAM-OH-(Pt2þ)n dendrimers immobilized on Au-
(111) obtained at the same I-V set point as Figure 1A.
The bright, spherical protrusions correspond to indivi-
dual, surface-bounddendrimers. The inset in Figure 1B, a
60 � 60 nm2 STM topograph, shows similar surface
coverage to the inset in Figure 1A. Cursor profiles 3
and 4 provide the hAPP of the chosen G4 dendrimers,
0.40 and 0.46 nm, respectively. The ΔhAPP between the
selected G4 PAMAM-OH-(Pt2þ)n-(Indo)m and G4
PAMAM-OH-(Pt2þ)n dendrimers in Figure 1 is
0.10 nm. Among the 102 dendrimers we compared,
drug-loadedG4dendrimers appear 0.09( 0.02nm taller
than the dendrimers themselves.

Because the STM topographic contrast depends on
the physical height as well as local density of states
(LDOS),27-29 AFM was used to calibrate hAPP to the true
height, hREAL, using the same sample immediately after
the STM experiments. Figure 2A is a AFM topographic
image (300 � 300 nm2) of the same surface as in
Figure 1A. To measure the height accurately, the den-
drimers in the central 500 � 500 nm2 area (insert in
Figure 2A) were removed to expose the Au surface. The
height of G4 PAMAM-OH-(Pt2þ)n-(Indo)m dendri-
mers, hREAL = 3.4 ( 0.7 nm, was obtained by averaging
the height difference between the Au substrate and
top of those dendrimer in the surrounding area.

Similar measurements were carried out for G3
PAMAM-OH-(Pt2þ)n-(Indo)m and G5 PAMAM-OH-
(Pt2þ)n-(Indo)m. These three systems follow a linear
relationship of hREAL = 2.45hAPP þ 2.21 (nm). This trend
is anticipated as the three indomethacin-dendrimer
complexes are the same class of system in terms of
structure and conductivity. As a comparison to the
control systems, for example, bare G4, Figure 2B and
cursor 2 reveal a typical height of hREAL = 2.5 ( 0.3 nm,

which is 0.9 ( 0.1 nm shorter than indomethacin-
carrying G4 systems. Bare dendrimers G3-G5 PAMAM-
OH-(Pt2þ)n follow a different linear correlation,

Figure 1. STM images of indomethacin-loaded vs unloaded
dendrimers under the same imaging condition: 0.30 V and
15 pA. (A) An 18 � 18 nm2 of topographical image of G4
PAMAM-OH-(Pt2þ)n-(Indo)m dendrimers immobilized on
a Au(111) film. (B) An 18 � 18 nm2 scan of G4
PAMAM-OH-(Pt2þ)n dendrimers on gold. Cursors 1 and 2
are indicated in panel A. Cursors 3 and 4 are indicated in
panel B. Insets in panels A and B are larger area scans, 60�
60 nm2, showing the high surface coverage of both systems.

Figure 2. AFM images of G4 dendrimers with and without
indomethacin. (A) A 300� 300 nm2 AFM topographic image
containing bare Au and the G4 PAMAM-OH-(Pt2þ)n--
(Indo)m dendrimer layer. The (A) inset is a 1.5� 1.5 μm2AFM
topograph of the G4 PAMAM-OH-(Pt2þ)n-(Indo)m den-
drimer surface where a 500 � 500 nm2 area was removed
under high force to expose the Au substrate. Cursor 1
crosses six dendrimers and Au. (B) A 300 � 300 nm2 AFM
topograph showing both the G4 PAMAM-OH-(Pt2þ)n
dendrimer matrix and bare Au surface. The (B) inset is a
1.5 � 1.5 μm2 AFM topograph of the G4 PAMAM-OH--
(Pt2þ)n dendrimer surface where a 500 � 500 nm2 area was
removed under high force to expose the Au substrate.
Cursor 2 crosses seven G4 dendrimers and a bare Au area.
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hREAL = 5.11hAPP þ 0.45, which is expected as the
conductivity of bare dendrimers is higher than the
drug-dendrimer complexes.

With the STM apparent height calibrated, the V can be
determined from the STM topographs directly because
STM exhibits little convolution in the lateral directions.
Figure 3 displays a side-by-side comparison of 22 � 22
nm2 STM topographs of G4 dendrimers with (A) and
without (B) indomethacin. Assuming an elliptical cap
geometry for all dendrimers, the volume of individual
molecules may be calculated using: V = (1/6πhREAL)-
(3/4ab þ hREAL

2), where a and b are the long and short
lateral axes, respectively. The lateral dimensions are a= 6.9
nm and b = 6.0 nm for the indomethacin-loaded G4, and
theheight is 3.3nm; thusV=72.5nm3. FromFigure3B, the
unloaded G4 dendrimersmeasure a = 5.5 nm, b = 5.2 nm,
and hREAL = 3.0 nm, which corresponds to a V = 47.8 nm3.

Table I summarizes the hAPP, hREAL, V, and ε values
extracted from this investigation. By averaging the mea-
surements of at least 50 dendrimer in each category, the
most evident change is the increase in height and volume
upon uploading of indomethacin. The eccentricity mea-
surements, ε = (1- b2/a2)1/2, indicate that the lateral
deformation of indomethacin-loaded dendrimers is simi-
lar to unloaded dendrimers upon being immobilized on
surfaces. The similarity in a, b, and ε between unloaded
anddrug-loadeddendrimers indicate that indomethacin

binding and surface immobilization do not compromise
the integrity and binding of these complexes.

Visualization of the Hierarchical Structures of Indomethacin
Carrying Dendrimers. The indomethacin is distinctly recog-
nizable in STM topographs because they appear taller
and usually broader than the -OH termini of dendri-
mers. Figure 4 illustrates how to distinguish the two
types of features. Figure 4A is an STM topographic image
of a G4 PAMAM-OH-(Pt2þ)n-(Indo)m dendrimer in
which the intramolecular features are clearly visible. At
first glance, these intramolecular features exhibit differ-
ent contrast; that is, some appear brighter than others.
Selecting two typical bright and dark features, cursor 1
and 2 indicate the STM apparent height of 0.14 and 0.06
nm, respectively. Both previous and present studies of
G4-dendrimer reveal the apparent height of intramoel-
cular features to be below 0.11 nm.21 Therefore, we
conclude that the bright and tall features identified in
Figure 4A are due to the uptake of drugs. To quantify the
number of Indomethacin ona surface, weuse 0.12 nmas
the threshold. Among all 27 intramolecular protrusions
visible in Figure 4A, 21 fall under 0.12 nm (0.03 to
0.11nm), and 6 are above 0.12 nm (0.13 to 0.17 nm), thus
21 termini features and 6 indomethacin molecules.
Figure 4B is an STM topographic image of a base den-
drimer molecule, G4 PAMAM-OH-(Pt2þ)n, where intra-
molecular features, or-OH termini, are clearly visible.21

Figure 3. Indomethacin-loaded dendrimers have a larger volume than unloaded systems of the same generation. (A) A 22�
22 nm2 STM topograph of G3 PAMAM-OH-(Pt2þ)n-(Indo)m dendrimers displayed in 3D. (B) A 22� 22 nm2 STM topograph
of G4 PAMAM-OH-(Pt2þ)n dendrimers displayed in 3D. Images were acquired at 0.30 V and 15 pA. The Z scale on
Figure 3both panels A and B was increased by a factor of 1.5 for the clarity of display.

TABLE I. STMMeasurements of theApparentHeight (hAPP), RealHeight (hREAL), Volume (V), and Eccentricity (ε), of G3-G5

Dendrimers with and without Indomethacin

dendrimer type hAPP (nm) hREAL (nm) V (nm3) ε

G3 PAMAM-OH-(Pt2þ)n-(Indo)m 0.41 ( 0.08 3.2 ( 0.7 60 ( 16 0.58 ( 0.13
G3 PAMAM-OH-(Pt2þ)n 0.38 ( 0.08 2.5 ( 0.3 31 ( 7 0.56 ( 0.11
G3 PAMAM-OH in solution12 N/A 3.6 24 0

G4 PAMAM-OH-(Pt2þ)n-(Indo)m 0.57 ( 0.11 3.4 ( 0.7 72 ( 21 0.57 ( 0.13
G4 PAMAM-OH-(Pt2þ)n 0.47 ( 0.07 2.5 ( 0.3 39 ( 8 0.58 ( 0.11
G4 PAMAM-OH in solution12 N/A 4.5 47 0

G5 PAMAM-OH-(Pt2þ)n-(Indo)m 0.56 ( 0.06 3.8 ( 0.7 97 ( 14 0.58 ( 0.09
G5 PAMAM-OH-(Pt2þ)n 0.51 ( 0.07 3.3 ( 0.3 68 ( 13 0.59 ( 0.13
G5 PAMAM-OH in solution12 N/A 5.4 82 0
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Cursor profiles 3 and 4 are drawn across two intramole-
cular features in Figure 4B, accounting for the curvature
of the dendrimer molecule. The values of hAPP are 0.08
and 0.07 nm, respectively.

Among 20 G4 PAMAM-OH-(Pt2þ)n-(Indo)m den-
drimers analyzed, indomethacin features have a hAPP
range=0.12-0.25 nmwith anaveragehAPP = 0.16nm. In
contrast, intramolecular feature hAPP measured on in-
domethacin-loaded and unloaded metal ion-doped G4
PAMAM-OH dendrimers ranged 0.03-0.10 nm, among
40 dendrimers measured previously21 and in this study.
Using the threshold of 0.12 nm, we were able to assign
intramolecular and indomethacin features in the STM
images. There are six indomethacin on theG4dendrimer
in Figure 4A. The number of indomethacin molecules
carried by G4 PAMAM-OH varies from 2 to 14 among
the 20 typical dendrimers analyzed. This range is con-
sistent with a previous report where each G4 PAMAM-
OH dendrimer molecule held 12.5 indomethacin.6 It is
possible that indomethacinmay reside in the dendrimer
interior void space, therefore, the observed number of
indomethacin per dendrimer most likely represents the
minimum uptake. Our investigations indicate that the

load increases with generation, for example, G3-G5
PAMAM-OH-(Pt2þ)n-(Indo)m dendrimers carry 5-7,
2-14, and 2-19 drugs, respectively.

Based on the hAPP, and binding strengths (see the
next section), the indomethacin may adopt various
orientations on the surface of G4. Two likely conforma-
tions are shown in Scheme 1. In the case of tall apparent
height and relatively weak binding, Scheme 1 uses an
example of three H-bonds between the indomethacin's
CdO group and the dendrimers' hydroxyl termini. At
lower apparent heights and stronger binding, 4 H-bonds
are more consistent.

Indomethacin-Dendrimer Binding Energy As Determined via
STM Tip Directed Drug Detachment. Indomethacin on the
dendrimer exterior can be removed by the STM tip
during scanning. Figure 5A is a high-resolution STM
topographical image of a G3 PAMAM-OH-(Pt2þ)n-
(Indo)m dendrimer obtained at a 0.32 V and 14 pA. Two
distinct indomethacin molecules are visible and are
labeled1and2. These indomethacin-dendrimer contact
areasmeasure 0.59 and0.64nm2 for 1 and2, respectively.
Image 5B was obtained immediately after completion of
image 5A. Indomethacin 2, observable in Figure 5A, was

Figure 4. High-resolution STM images of indomethacin-loaded and unloaded dendrimers. (A) A 6.2 � 6.2 nm2 topographic
STM image of a single G4 PAMAM-OH-(Pt2þ)n-(Indo)m dendrimer (0.29 V, 21 pA). Red and blue dots mark indomethacin
features and hydroxyl termini, respectively. Cursor 1 reveals the dimensionof a typical drug feature under STM,while cursor 2
is across a typical dendrimer terminus. (B) A 6.2� 6.2 nm2 topographic imageof a G4PAMAM-OH-(Pt2þ)ndendrimer (0.33 V,
13 pA). Cursor profiles 3 and 4 each bisect a single intramolecular feature from top and middle sites, respectively.
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removed (i.e., missing feature indicated in Figure 5B). The
combined cursor plots in Figure 5C, where indomethacin
1 is the landmark, further indicate this removal. The
energy from the STM scanning was estimated using30

E = eV = 1.6022� 10-19 � 0.32 = 5.13 � 10-20 (J). The
E value represents the maximum energy, assuming a
one electron event where all the energy was
focused on breaking the indomethacin-dendrimer
association. Among 20 removal events, E ranged

4.81-5.29 � 10-20 J. In contrast to indomethacin, the
characteristic intramolecular features of dendrimer
termini remain stable under the same imaging condi-
tions, showing no change for 10þ repetitive scans.

Similar observations were made for G4 PAMAM-
OH-(Pt2þ)n-(Indo)m as shown in Figure 5D-F. Com-
paring image 5E to 5D, indomethacin 4 was removed
under 0.31 V and 22 pA. Figure 5F is a combined cursor
plot, clearly showing the lack of peak 4. The energy

Scheme 1. Possible orientations of indomethacin upon immobilization on dendrimer termini. Indomethacin bound to the
dendrimer -OH termini by 3 H-bonds would tilt less than that with 4 H-bonds with respect to surface normal.

Figure 5. Removal of indomethacinmolecules from the surface of dendrimers: (A) 5.7� 5.7 nm2 STM topographof a singleG3
PAMAM-OH-(Pt2þ)n-(Indo)m dendrimer obtained at 0.32 V and 15 pA; (B) same area scanned after panel A, where the
indomethacin feature identified in the broken circle disappeared; (C) combined cursor plot for the same line as indicated in
panels A and B; (D) 5.6 � 5.6 nm2 STM topograph of a single G4 PAMAM-OH-(Pt2þ)n-(Indo)m dendrimer (0.31 V and 22 pA);
(E) same area scanned after panel D, where the indomethacin feature identified by the broken circle disappeared; (F)
combined cursor plot as indicated in panelsD and F; (G) STM topograph of a G5PAMAM-OH-(Pt2þ)n-(Indo)m dendrimer in a
6.2� 6.2 nm2 scan area obtained at 0.31V and18pA. Twodrug features are identified in thebrokenellipse; (H) samearea scanned
in panel G. Both identified indomethacin features were removed; (I) combined cursor plot for the same line in panels G and H.
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input by the STM probe was E = 4.97 � 10-20 J. The
range of E for G4 PAMAM-OH-(Pt2þ)n-(Indo)m was
4.81-11.38 � 10-20 J over 40 removal events.

In the case of G5 PAMAM-OH-(Pt2þ)n-(Indo)m
removal occurred at 0.31 V and 18 pA. As shown in
Figure 5G two indomethacin molecules are identified
within the white dashed ellipse, 5, with contact areas of
0.60 and 0.46 nm2, respectively. In the subsequent scan,
Figure 5H, at the same set point both features have been
removed. The E = 4.97 � 10-20 J and ranged
4.81-5.29 � 10-20 J based on 20 removal events of
indomethacin on G5 dendrimers.

To the best of our knowledge, there are no direct
measurements of the binding energy between -OH
terminated PAMAM dendrimers and molecular NSAIDs
to ascertain a direct comparison. Pertaining systems had
similar energy values to our STM measurements; for
example, thebindingenergybetweenaminoacid residues
in HSA and phenothiazine is between 4.49� 10-20 J and
5.45 � 10-20 J as determined by isothermal titration
calorimetery.31 Another measurement is the binding be-
tween adenine-thymine dimers, 6.41� 10-20 J as deter-
mined via the SCC-DFTB method.32 Our E estimation is
also consistent with the H-bond binding energy between
the hydroxyl termini of dendrimers and the oxygen and
hydroxyl moieties of indomethacin. From the prospective
ofmolecular structureandcontact areameasurements the
-OH and CdO groups of indomethacin could form up to
fourhydrogenbondswith the-OHtermini ofdendrimers.
H-bonding for one drug molecule to the dendrimer sur-
face could range from 3.49 � 10-20 J (one H-bond) to
14.0� 10-20 J (four H-bonds), depending on indometha-
cin-dendrimer interactions.13 The energy of removal of
indomethacin ranged from4.81� 10-20 to 11.38� 10-20

J, which is consistent with the breaking of 1-3 H-bonds.
STM-based ambient I-V spectroscopy measure-

ments on individual G4 PAMAM-OH-(Pt2þ)n-(Indo)m
andG4 PAMAM-OH-(Pt2þ)ndendrimers reveal that the
addition of indomethacin does not significantly alter the
STM electron transport behavior. Figure 6A is a high-
resolution STM image of a single G4 PAMAM-OH-
(Pt2þ)n-(Indo)m dendrimer.

The “�1” is the point where I-V spectroscopy was
collected. Figure 6B is a high-resolution STM topograph
of an individual G4 PAMAM-OH-(Pt2þ)n dendrimer,
where I-V spectroscopy was obtained atop the point
“�2”. Figure 6C contains the I-V curves from
�1 and�2, respectively. Under the same set point of 0.3 V
and 20 pA, curves 1 and 2 are almost identical with the
exception of the positive bias region from 0.5 to 1.25 V.

Curve 2 (atop the G4 PAMAM-OH-(Pt2þ)n dendrimer)
displays step features21 at 0.7 V, 100 pA and 1.0 V, 160
pA. These steps are characteristic of metal ion-doped
dendrimers and have been previously reported.21

Work is in progress to understand the imaging me-
chanism and the STM electron transport behavior.

CONCLUSIONS

Using metal ion uptake, this investigation extends
STM's high-resolution to reveal the hierarchical structure
of indomethacin-loaded PAMAM systems. STM imaging
provides structural information about the overall geo-
metry of individual dendrimers such as height, lateral
dimensions and volume. In addition, both indomethacin
features and dendrimer termini are visualized under the
same STM topograph, which enables the identification
and count of individual drugs molecules. Removal of
drug molecules by the STM tip allows calculation of
individual drug-dendrimer binding energy, which is
consistent with 1-3 hydrogenbonds. Taken collectively,
the binding and resulting conformation of drug and
dendrimersmay be inferred, which canbe used to guide
design of new dendrimers for the required stability and
delivery performance in the context of dendrimer-
based drug delivery vehicles.

MATERIALS AND METHODS

Materials. The 3rd generation PAMAM-OH dendrimer solu-
tions (20%weight inmethanol, Sigma-Aldrich), fourth generation

PAMAM-OH dendrimer solutions (10% weight in methanol,
Sigma-Aldrich), fifth generation PAMAM-OH dendrimer solu-
tions (5% weight in methanol, Sigma-Aldrich), 1-(4-chloro-
benzoyl)-5-methoxy-2-methyl-3-indoleacetic acid, commonly

Figure 6. STM I-V spectroscopy shows that the electron
transfer mechanisms for G4 PAMAM-OH-(Pt2þ)n-(Indo)m
dendrimers and G4 PAMAM-OH-(Pt2þ)n dendrimers are
similar: (A) 6.1 � 6.1 nm2 STM topographic image of a G4
PAMAM-OH-(Pt2þ)n-(Indo)m dendrimer obtained just prior
to I-V spectroscopy. The �1 denotes the lateral STM tip
placement for spectroscopic measurement; (B) 7.9 � 7.9 nm2

STM topograph of a G4 PAMAM-OH-(Pt2þ)n dendrimer
immediately before STM I-Vmeasurement where the �2
denotes tip placement for spectroscopy; (C) graphical repre-
sentation of the I-V spectra obtained at points (1) and (2).
Both spectra (1 and2) and images (A andB)wereobtainedat a
set point of 0.30 V and 20 pA.
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known as indomethacin (g99.0%, Sigma-Aldrich), and n-octa-
nethiol (98%, Sigma-Aldrich), referred to hereafter as C8, were
obtained and used without further purification. K2PtCl4
(min. 42.4% Pt, Alfa Aesar) was used as received. Ultrapure
water (g18 MΩ 3 cm, Millipore Milli-Q) and 200 proof ethanol
(Gold Shield Chemical Co.) were used for dilution and washing.
Ultrapure N2 (g98%, Air Gas Co.) and H2 (99.99%, Praxair, Inc.)
were used for drying and flaming, respectively. STM tips were
made from W wire (d = 0.010 in., 99.95%, California Fine Wire
Co.). For Au thin film preparation, Au slugs (99.99%, Alpha Aesar
Premion Co.) and mica (clear ruby muscovite, Mica New York
Corp.) were used.

Preparation of Gold Thin Films. Au(111) thin filmswere prepared
via thermal evaporation of Au onto freshly cleaved mica(0001)
in a high-vacuum evaporator (Denton Vacuum, model 502-A).33

The substrate mica was heated via two quartz lamps to 350 �C
under a base pressure of 2 � 10-7 Torr. The evaporation rate
was 0.3 nm/sec and the final thickness of Au films was 150 nm.
After evaporation, the Au was thermally annealed in situ at
375 �C for 30-60 min to increase the size of the Au(111)
terraces. After annealing, the Au film was allowed to cool for
g5 h under vacuum. Upon removal, the Au films were stored in
a sealed glass container and cut and used as needed. Once cut
into 1 cm2, the Au films were subjected to H2-flame to remove
impurities and to further anneal the surfaces.

Preparation of Dendrimers on Surfaces for Imaging. Dendrimer
solutions were prepared following previously established
procedures.17,21 In short, PAMAM-OH-(M2þ)n dendrimer solu-
tions were made by diluting aliquots of the methanol-based
stock solutions to 12.5 μM aqueous solutions. The K2PtCl4 was
then added to the designedmolar ratios of 1:20, 1:70, and 1:120
dendrimer/Pt(II) for G3-, G4-, and G5 PAMAM-OH, respectively.
After the addition of Pt(II), the final dendrimer concentration
was 10 μM. The ratios were selected based on the number of
tertiary amines within each dendrimer generation. Pt(II)-doped
dendrimers are denoted, for example, G5 PAMAM-OH-(Pt2þ)n,
where n may vary from 0-120 depending on the metal uptake.
Once mixed, the solution was kept at room temperature for 3-5
days, allowing sufficient time for Pt(II)-amine coordination within
dendrimers.34 UV-vis spectroscopy (model DU 640i spectrophot-
ometer, Beckman Instruments, Inc.) was employed to monitor
metal ion uptake until a steady state was achieved.35,36 The
dendrimer-Pt(II) coordination was monitored via absorbance at
λ=250nm,35 and themaximum intensitywas reachedand leveled
at 48 h and beyond. To attain consistent metal coordination, a
minimum of 2.5 days mixing time was allowed for each mixture
before deposition on surfaces for STM imaging. In principle, the
coordination of Pt2þ to amines within dendrimer should not alter
the surface-OH termini and there have been less than significant
alteration of dendrimer structural integrity from previous
investigations.17

Indomethacin was weighted and then directly added to the
dendrimer solutions in order to obtain 1:20, 1:40, and 1:120
dendrimer/indomethacin molar ratios for G3, G4, and
G5 PAMAM-OH-(Pt2þ)n dendrimers, respectively. The dendri-
mer/indomethacin ratio was guided by previous
investigations.5,6 For example, G5 PAMAM-OH-(Pt2þ)n-indo-
methacin solutions were prepared by mixing 0.043 g of indo-
methacin in 100 mL of previously prepared 10 μM G5
PAMAM-OH-(Pt2þ)n dendrimer solution. The indometha-
cin-dendrimer mixture was vortexed for 30 min and allowed
to gestate for an additional 2-3 days, with daily 10 min
vortexing incorporated.5 Undissolved indomethacin settled to
the bottom of the vial. The clear supernatant was transferred to
a new vial. No solids or precipitation were observed after
transfer. The final product of indomethacin loaded dendrimers
are represented as: G5 PAMAM-OH-(Pt2þ)n-(Indo)m. Dendri-
mers remained soluble as Pt2þ and indomethacin addition and
mixing produced no observable precipitate.

For the surface deposition of dendrimers, 1 cm2 pieces of
gold films were H2-flamed,33 and allowed 20 min cooling under
clean ambient conditions. Then, a ∼75.0 μL drop of
PAMAM-OH-(Pt2þ)n-(Indo)m dendrimer solution was depos-
ited to the Au surface and allowed contact for 1.25 min. The
contact diameter of the droplet was typically 0.75 cm. After

washing with water and ethanol the surface was exposed to a
1.0 mM C8 solution for 2 min. The formation of C8 SAMs confine
dendrimers laterally and prevents mobility during scanning.21

The surface was then washed again with ethanol and dried
under N2 before STM imaging. We recommend highest purity
PAMAM for the investigation to minimize the impact of
impurities. To avoid contaminants' impact in the process of
sample preparation, relatively high concentration is used to
yield high coverage of dendrimers on surfaces. For the surface
deposition of PAMAM-OH-(Pt2þ)n dendrimer solutions, a
125 μL drop was used to obtain the same 0.44 cm2 solution
coverage, following the same procedures.

STM Imaging and Spectroscopy. The STM has a walker-type
scanner (UHV 300, RHK Technologies, Inc.) and was used under
ambient conditions for this investigation. The STM tips used for
these studies were W wires cut and electrochemically etched at
2.0 V in 3.0 M NaOH solutions. A homemade potentiostat
monitored the etching process.24,33 All STM images were ac-
quired in constant current mode with typical bias voltages
ranging from 0.3 to 1.0 V and tunneling currents from
5 to 40 pA. The piezoelectric scanners were calibrated laterally
using the decanethiol SAM lattice constant = 0.50 nm and
vertically using a Au(111) single atomic step (0.235 nm). Calcu-
lation of dendrimer-surface contact area was accomplished
using the Image J freeware program (National Institutes of
Health, http://rsb.info.nih.gov/ij/).

I-V measurements were acquired according to the follow-
ing steps.24 First, the surface was scanned and individual
dendrimer molecules visualized. Second, the scan area was
progressively decreased to position the tip above the selected
dendrimer, for example, to a 10 � 10 nm2 area. Finally, the
current and voltage were typically set to 20 pA and 0.3 V under
which an I-V spectrum was acquired.

AFM Imaging of Dendrimers. AFM images were acquired
using a MFP3D-SA system (Asylum Research), which includes
a closed loop capability. A silicon cantilever (AC-240,
Olympus) was used for imaging and nanoshaving.37 The
probe has a force constant of k = 1.0 N/m as measured by
thermal noise method.38 During tapping mode imaging, the
cantilever was modulated by a driving frequency of 74 kHz
and amplitude of 67.0 nm (0.63 V), with the damping set to
85%. For displacing adsorbates such as dendrimers or alka-
nethiolates, tips were placed in contact with the surface with
increasing load beyond threshold.
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