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Abstract: A convenient approach for the high-throughput screen-
ing of dendrimer-binding drugs by NMR techniques including
saturation transfer difference (STD) NMR and Hadamard-encoded
nuclear Overhauser effect measurements is presented. The
screening results for insoluble drugs show that phenylbutazone
and sulfamethoxazole prefer to localize in the interior pockets of
dendrimer, while mycophenolic acid mostly binds on the den-
drimer surface, and noncharged insoluble drugs like trimethoprim
and primidone do not interact with dendrimers. In another path
for soluble drugs, n-butanoic acid and dimethylformamide are
screened as dendrimer-binding compounds from a screening pool
containing eight soluble compounds by STD NMR. The screening
of dendrimer-binding insoluble or soluble compounds can be
finished within an hour.

High-throughput screening (HTS) is an essential approach to drug
discovery that has revolutionized the pharmaceutical industry in
the past decade.1 It identifies the binding of a large number of
biologically active compounds to a target of interest to facilitate
the fast discovery of new chemical entities.2 Today, dendrimer-
based drug delivery systems have become more and more important
in the pharmaceutical sciences.3 Lots of drugs were reported to
benefit from the formulation of dendrimer-drug complexes medi-
ated by ionic/hydrogen-bond binding or hydrophobic encapsulation.4

There is a potential for significant fragmentation of the literature if
the physicochemical properties of dendrimer-drug complexes are
published in a “one drug at a time” fashion. The greater availability
of drugs in the libraries and the growth numbers of functional
dendrimers have made it difficult for a pharmaceutist to design the
most effective dendrimer-drug formulations in a relatively short
time. In addition, the size/surface charge-tunable properties of
dendrimers make them excellent candidates in the biomimicry of
proteins or protein/DNA complexes.3b Screening of potential ligands
for these “artificial proteins” is essential for the methodology of
HTS in molecular recognitions between drugs and an interested
biological target. Here we describe the use of NMR techniques
including normal nuclear Overhauser effect (NOE) and Hadamard-
encoded NOE measurements and saturation transfer difference
(STD) NMR for the fast screening of dendrimer-binding drugs,
which delivers meaningful hits for the optimization of dendrimer-
based drug delivery systems.

Figure 1 shows the transferred NOE (trNOE) spectroscopy of
the dendrimer/insoluble drug complexes (phenylbutazone, myco-
phenolic acid, trimethoprim, sulfamethoxazole, and primidone,
Chart 1 and Figure S1, Supporting Information) with a short mixing
time of 300 ms. Strong trNOE cross-peaks are observed between
scaffold protons of dendrimer (Ha-Hd) and aromatic protons of
phenylbutazone and sulfamethoxazole, and medium trNOE signals
between methylene protons of dendrimer (Ha, Hc, and Hd) and
methyl protons of the phenylbutazone are observed, while weak
trNOE interactions are observed between dendrimer and mycophe-
nolic acid. However, no trNOE interaction between trimethoprim/
primidone and dendrimer is found in Figure 1. It is well-known
that the trNOE intensity of a cross-peak in NOE spectroscopy is
proportional to the number of related protons and the distance
between them.5,6 The presence of trNOE signals between interior
pockets of dendrimer and drug molecules suggests that these drug
molecules are localized in the interior pockets.7 Since trimethoprim
and primidone are noncharged drug molecules and the other drugs
in the screening pool are negatively charged,4a the trNOE results
indicate that the formation of molecular inclusion in cationic
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Figure 1. 1H-1H NOESY spectrum of dendrimer/insoluble drug complexes
at a mixing time of 300 ms. Chemical shifts of drugs are assigned from
TOCSY results shown in Figure S2 (A, phenylbutazone; B, mycophenolic
acid; C, trimethoprim; D, sulfamethoxazole; E, primidone; EA, ethanol).

Chart 1. Molecular Structures of the Five Insoluble Drugs
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PAMAM dendrimer is charge-dependent and that electrostatic
interaction between the guest and the cationic dendrimer is the first
step of encapsulation. On the other hand, macromolecules exhibit
negative NOE effect with a fast buildup rate, while the low-
molecular-weight ligands (<1000 Da) have positive NOE signals
with a slow buildup rate. If the low-molecular-weight ligand binds
to the macromolecular receptor, it obtains motional correction time
of the receptor, thus developing a negative NOE in the bound
state.7a,8a The negative intramolecular trNOE signals (red) of the
drugs in Figure 1 and Figure S3 indicate that phenylbutazone,
sulfamethoxazole, and mycophenolic acid are in the bound state.
The positive intramolecular cross-peaks (green) for primidone and
trimethoprim reveal that most of these drugs are in the free state.
Previous studies have reported that the solubilization factor of
mycophenolic acid is much higher than that of sulfamethoxazole
and phenylbutazone by dendrimer.8b The weak NOE signals
between mycophenolic acid and dendrimers suggest that most of
the guests were bound on the surface by ionic or hydrogen-bond
interactions (Figure S11). These results confirm that trNOE is useful
in the fast screening of dendrimer-binding ligands, giving informa-
tion on molecular encapsulation/ionic binding, spatial distance, and
molecular orientation in the host-guest systems.

To further reduce the experimental time in 2D trNOE experi-
ments, we use the Hadamard-encoded cross-relaxation spectroscopy
to speed up the HTS of dendrimer-binding drug molecules. The
Hadamard-encoded NOESY measures NOE interactions for selected
proton frequencies of dendrimer or drugs.9 Figure 2a and Figure
S4 show the NOE interactions between the protons in dendrimer
and insoluble drugs from the Hadamard-encoded NOE experiment.
The results are consistent with that obtained from a normal NOESY
experiment in Figure 2b and Figure S5. To validate the screening
results from NOESY and Hadamard-encoded NOE studies, we
conducted NOE experiments for G5 dendrimer and single guest in
the screening pool in Chart 1. As demonstrated in Figure S6, G5
dendrimer interacts with phenylbutazone, mycophenolic acid, and
sulfamethoxazole but does not bind trimethoprim and primidone,
which are fully consistent with the results obtained from the mixing
pool. The Hadamard-assisted NOE spectrum provides the same
information with reduced experimental time from whole days to
several minutes, which is essential in the HTS of dendrimer-binding
guests.

For a screening pool containing eight water-soluble compounds
(Chart 2), no obvious cross-peaks between dendrimer and the guests
can be observed in the NOESY spectrum in Figure S7, suggesting
that the dendrimers have a low tendency to encapsulate hydrophilic
drug molecules. In this case, we use STD NMR to analyze the
competitive binding of these compounds on the surface of den-
drimers. STD NMR, which has been proven to be a sensitive and
robust tool to study complexes involving receptor/ligand recogni-
tions and host-guest interactions, is able to screen multiple
compounds with relatively high binding affinity toward dendrimer
simultaneously.10 The 1H NMR and STD NMR spectra of a G5
dendrimer solution with eight soluble compounds are shown in
Figure 2c,d, respectively. The presence of strong STD signals for
n-butanoic acid and N,N-dimethylformamide and medium STD
signals for sodium salicylate, L-alanine, and DL-2-aminobutyric acid
in Figure 2d and Figure S9 proves that these compounds in the
solution bind to dendrimer. No STD signal for pyridine, ethyl
triphenyl phosphonium bromide, and nicotinamide is observed,
suggesting weak binding affinity of these compounds toward
dendrimer. We also determined the binding behaviors of G5
dendrimer toward the soluble guests in Chart 2 without N,N-
dimethylformamide and n-butanoic acid by STD NMR. As shown
in Figure S10, the presence of strong STD signals for L-alanine
and DL-2-aminobutyric acid indicates that a competitive binding
occurs between G5 dendrimer and the ligands in the screening pool
and that dendrimer is capable of binding drugs with weaker binding
affinities. Compounds including n-butanoic acid, sodium salicylate,
L-alanine, and DL-2-aminobutyric acid have negative charges in their
structures which are responsive for the ionic interactions between
dendrimer and the compounds. Strong binding affinity between N,N-
dimethylformamide and dendrimers is due to the presence of a
strong hydrogen-bond donor in the molecule which mediates
hydrogen-bond interactions with dendrimer. The highest binding
affinity of n-butanoic acid to the dendrimer among sodium
salicylate, L-alanine, n-butanoic acid, and DL-2-aminobutyric acid
is due to weak steric hindrance for the electrostatic attachment of
n-butanoic acid on dendrimer surface.

In summary, we demonstrated the use of NMR techniques for
HTS of dendrimer-binding guests. The whole HTS experiment for
insoluble/soluble compounds by a combination of Hadamard-
encoded NOE and STD NMR can be finished within an hour. To
the best of our knowledge, this is the first report of screening
dendrimer-binding guest molecules. The acquired NMR data also
give information on the localization of guests, i.e., in the interior
cavities or on the surface of dendrimers. The hydrophobic encap-
sulation of guest molecules in the interior means slower release
rate which is expected in a sustained drug delivery system. The
attachment of soluble guests on the surface of dendrimer via
hydrogen-bond and ionic interactions leads to a much faster release
rate in comparison with the encapsulations, and the formulations
are important in the transdermal delivery of hydrophilic compounds
to penetrate through the skin barrier consisted of phospholipids and

Figure 2. (a) Hadamard-encoded NOE and (b) normal NOESY of the
dendrimer/insoluble drug complexes at mixing time of 300 ms. (c) 1H NMR
and (d) STD spectra of dendrimer/soluble compound complexes at high-
field region. The chemical shift assignments of the insoluble and soluble
compounds in the screening pool are assigned from the TOCSY results
shown in Figure S2 and Figure S8, respectively (F, L-alanine; G, DL-2-
aminobutyric acid; H, ethyl triphenyl phosphonium bromide; I, pyridine; J,
nicotinamide; K, N,N-dimethylformamide; L, n-butanoic acid; M, sodium
salicylate).

Chart 2. Molecular Structures of the Eight Soluble Drugs
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membrane proteins. It offers several features for the physicochem-
ical properties of dendrimer-based host-guest systems and the
design of dendrimer-based drug formulations. The findings obtained
in this study can help with the generation of a large family of guest
molecules which may benefit from the dendrimer inclusion/binding
technique. Also, the methodology developed for the dendrimer
system is essential for fast discovery of new host-guest systems
and molecular-recognition processes.
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