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onjugation strategies commonly

employed to attach ligands to the

surfaces of nanoparticles generate
stochastic distributions of products. Com-
monly used techniques, including nuclear
magnetic resonance (NMR), ultraviolet/vis-
ible (UV/vis) spectroscopy, Fourier trans-
formed infrared spectroscopy (FTIR), and el-
emental analysis, are only capable of
determining the mean ligand to nano-
particle ratio and do not provide informa-
tion about the distribution of species
present in the nanomaterial. Other tech-
niques with potential to resolve the distri-
bution of species such as gel permeation
chromatography (GPC), high-performance
liquid chromatography (HPLC), and matrix-
assisted laser desorption ionization time-of-
flight (MALDI-TOF) are often unable to do
so. The observation of unresolved distribu-
tions of macromolecules as “single peaks”
using these techniques often leads to opti-
mistic interpretations of sample homogene-
ity. As such, distributions of
nanoparticle—ligand species are not ad-
equately considered in either research stud-
ies or systems design. Important questions
to ask about the nature of the “average”
number of ligands and the distribution from
which it arises include:

(1) What are the mean, median, and mode
of nanoparticle populations in terms of
number of conjugated ligands per par-
ticle, and how are they related to each
other?
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ABSTRACT Functional nanoparticles often contain ligands including targeting molecules, fluorophores, and/
or active moieties such as drugs. Characterizing the number of these ligands bound to each particle and the
distribution of nanoparticle—ligand species is important for understanding the nanomaterial’s function. In this
study, the amide coupling methods commonly used to conjugate ligands to poly(amidoamine) (PAMAM)
dendrimers were examined. A skewed Poisson distribution was observed and quantified using HPLC for two sets
of dendrimer—ligand samples prepared using the amine-terminated form of the PAMAM dendrimer and a
partially acetylated form of the PAMAM dendrimer that has been used for targeted in vivo drug delivery. The
prepared samples had an average number of ligands per dendrimer ranging from 0.4 to 13. Distributions identified
by HPLC are in excellent agreement with the mean ligand/dendrimer ratio, measured by 'H NMR, gel permeation
chromatography (GPC), and potentiometric titration. These results provide insight into the heterogeneity of
distributions that are obtained for many classes of nanomaterials to which ligands are conjugated and belie the
use of simple cartoon models that present the “average” number of ligands bound as a physically meaningful
representation for the material.

KEYWORDS: PAMAM dendrimer - nanotechnology - drug delivery - ligand
distribution - nanoparticle characterization

(2) What is the specific number of species
that constitutes the observed distribu-
tions? What mathematical form best ap-
proximates the experimentally ob-
served distribution? Does the mean ap-
propriately represent the material
composition?

How does a pre-existing distribution of
attachment sites in a population of
nanoparticles affect
nanoparticle—ligand distributions? This
is of particular interest since partial
acetylation has been an important step
for creating biological functional, tar-
geted PAMAM dendrimers.' > Broadly
speaking, this question is relevant to
nanoparticle systems that use sequential
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conjugations of different ligands to the same
particle.

(4) How does knowledge of the average (mean, me-
dian, and mode) and distribution of nanoparticle
species affect design and application of
nanoparticle—ligand conjugates?

Given the great potential that ligand-conjugated
nanomaterials possess with respect to therapeutic
delivery,® " cell targeting,'>'* biomedical
diagnostics,’ 17 and sensing,'®'® a comprehensive un-
derstanding of the distributions that result from the
conjugation of ligands to nanoparticles is paramount.
In this paper, we focus on the distribution of
nanoparticle—ligand species that exists for samples
produced using poly(amidoamine) (PAMAM) dendrim-
ers and a small molecule ligand. The results from this
study are generalizable to a broad range of nano-
particles. Relevant examples include particles com-
posed of gold, iron oxide, polymers, silica, albumin,
quantum dots, carbon nanotubes, and
dendrimers.*#>20~2° This study is most relevant to
nanoparticle-based systems produced using stochastic
synthesis techniques with an excess of attachment sites
on the nanoparticle relative to the number of conju-
gated ligands, and with the resulting mean number of
conjugated ligands ranging from 0.4 to 13. Additionally,
this study applies primarily to small and moderate sized
ligands relative to the size of the nanoparticle such
that site-blocking effects are not introduced by the con-
jugation of a ligand beyond the single site to which
the ligand is covalently linked. This study is therefore
less applicable to systems using large ligands such as
proteins.3 A nonexhaustive list of nanoparticle—ligand
systems that fit directly in this category include quan-
tum dots conjugated to siRNA,?? iron oxide nano-
particles conjugated to fluorescein isothiocyanate
(FITC)® and other small organic molecules,*?* and fi-
nally, dendrimers conjugated to oligonucleotides,?2¢
folic acid, 20212728 peptides,>?* FITC,% and other small
molecules.*

The diversity of ligands that have been conjugated
to dendrimers makes the dendrimer a compelling sys-
tem to study.>' "% Several of these dendrimer—ligand
combinations have been found to be highly effective in
biological systems both in vitro and in vivo with poten-
tial to advance to human clinical trials.2>3¢~*! To facili-
tate the development of these dendrimer-based nano-
materials into systems with consistent biological
activities, it is vital to have knowledge of the distribu-
tion of dendrimer—ligand species that compose the
material. A final factor making the dendrimer an attrac-
tive system to study is that dendrimers are structurally
well-defined and well-characterized. This is especially
true for PAMAM dendrimers. PAMAM dendrimers have
a well-defined branched structure which leads to ex-
ceptionally high degrees of monodispersity (PDI = 1.01)

and a quantifiable mean number of surface functional
groups. With just two exceptions,**** however, only the
mean number of ligands bound per dendrimer has
been reported.

The situation is exemplified by the PAMAM
dendrimer—ligand system developed for targeted drug
delivery by Majoros et al.?’ This dendrimer was modi-
fied sequentially with a mean of 72 acetyl groups, 4 FITC
dye molecules, 4 folic acid (FA) targeting ligands, 60 al-
cohols from glycidilation, and 5 methotrexate (MTX)
drug molecules. Cellular uptake of this targeted nano-
therapeutic in epidermal carcinoma (KB) cells was stud-
ied by Thomas et al.>” Kukowska-Latallo and co-workers
found that the dendrimer-based nanomaterial in-
creased the antitumor activity of MTX and substan-
tially decreased its toxicity relative to the free drug in
mice bearing human epithelial cancer tumors.3® These
biological results are very promising, and yet at time of
publication, no knowledge existed about the distribu-
tion of dendrimer—ligand species that composed the
material and gave rise to the observed biological re-
sults. For example, the specific number of different
G5-FA species that are represented by the mean of 4
FA was not known nor was it known if the largest popu-
lation was even the dendrimer species with 4 FA mol-
ecules. Furthermore, no information existed about how
the various ligand distributions were affected by con-
ducting each ligand conjugation reaction in a stepwise
fashion with distributions forming in the presence of
pre-existing ligand distributions.

In this study, we quantitatively analyze the HPLC
traces of two different sets of nanoparticle—ligand
samples. The nanoparticle—ligand sets were formed us-
ing two different nanoparticles: a G5 PAMAM den-
drimer with a mean of 112 primary amines and a par-
tially acetylated G5 PAMAM dendrimer with a mean of
80 Ac and 32 NH, groups; and a small molecule ligand:
3-(4-(prop-2-ynyloxy)phenyl)propanoic acid (alkyne
ligand). Within each of the two sets (G5-NH,-alkyne
and G5-Acgg-alkyne), samples were synthesized to have
ligand means in the range commonly used in den-
drimer applications, as well as many other
nanoparticle—ligand systems described earlier. The
products were analyzed by "H NMR spectroscopy to de-
termine the mean ligand—nanoparticle ratio. When
combined with GPC and potentiometric titration data,
the mean number of ligands per nanoparticle was com-
puted. HPLC combined with a peak fitting method re-
solved the distribution of dendrimer—ligand species
and provided the mean, median, and mode of the num-
ber of ligands per particle.

RESULTS

Characterization of the Mean Ligand— Dendrimer Ratio by 'H
NMR Spectroscopy. 'H NMR spectroscopy can directly mea-
sure the number and type of protons present in a
sample. In order to obtain peak areas to compare the in-
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tegrated ratios of the ligand to dendrimer, it is impor-
tant to set an appropriate relaxation delay time in the
"H NMR pulse sequence, especially since methyne aro-
matic protons are being compared to methylene pro-
tons. A 10 s delay is sufficient to give quantitative inte-
grations of the ligand/dendrimer ratio. When combined
with GPC and potentiometric titration, this ratio was
converted to the mean number of ligands per den-
drimer in the following manner. The combination of po-
tentiometric titration and number average molecular
weight measurements from GPC was used to calculate
the mean number of end groups (112 = 5) per amine-
terminated dendrimer (G5-NH,) as described.* Experi-
mental characterization of this value rather than using
the theoretical value (128) is critical to this process as
many defect structures exist in PAMAM dendrimer.*4~46
Next, the ratio of methylene protons on the amine-
terminated dendrimer arms (Figure 1a, peaks c and e)
to the methyl protons in the acetyl-terminated arms
(Figure 1a, peak j) was combined with the total num-
ber of end groups per dendrimer to compute the mean
number of methyl protons in the partially acetylated
dendrimer (240.0). For ligand—dendrimer samples in
the partially acetylated dendrimer set (sample E-l), the
integrated methyl proton peak was used as the internal
reference peak to quantify the mean number of ligands
based on integration of the aromatic aa’bb’ pattern
proton peaks in the alkyne ligand (Figure 1b).

The number of methyl protons per partially acety-
lated dendrimer also provided the basis to quantify
the mean number of protons in the dendrimer interior.
Because the partially acetylated dendrimer was synthe-
sized from the same lot of amine-terminated den-
drimer (G5-NH,) as was used in this study for the G5-
NH,-based sample set, it was assumed that the number
of interior protons was constant for both dendrimer
forms (partially acetylated and unacetylated). Thus, the
interior proton peaks f, h, and i were used as internal
reference peaks to quantify the mean number of conju-
gated ligands in the G5-NH, samples (A—D) (Figure
10).

Table 1 contains the mean number of ligands per
dendrimer computed based on the '"H NMR spectro-
scopic characterization. A comparison of the aa’bb’
proton peaks for samples A—D can be found in Figure
2. As the mean number of ligands per dendrimer in-
creases, the peak full width at half-maximum (fwhm)
was observed to increase. A linear fit was obtained (R?
= 0.98), indicating that the fwhm of the aa’bb’ proton
peaks could be used to provide an estimate of the mean
number of conjugated ligands (see Supporting Informa-
tion). A linear relationship was also found between the
fwhm and the total number of dendrimer—ligand spe-
cies present in each sample. This trend was also found
for the aa’bb’ proton peaks for samples E—I.

www.acsnano.org

Figure 1. "H NMR spectra of PAMAM dendrimer conjugates.
(a) Spectrum of the partially acetylated dendrimer G5-Acg,-
(NH,)3, 2. Comparison of peak integrals for the methylene pro-
tons (c,e) on primary amine-terminated dendrimer arms with
the methyl protons (j) that are unique to acetamide-
terminated arms was used to determine the mean ratio of den-
drimer arms. Combining this ratio with the mean total num-
ber of arms per dendrimer, determined by potentiometric ti-
tration and the number average molecular weight
measurement from GPC, provides the mean number of amine-
and acetamide-terminated arms per dendrimer. These peaks
were used as internal reference peaks to determine the mean
number of dendrimer interior protons (f,h,i). (b) Spectrum of
the partially acetylated dendrimer with a mean of 2.7 alkyne
ligands G5-Acgo-(NH,),9-alkyne, ; (sample G). The mean num-
ber of ligands was calculated using the aromatic aa’bb’ pro-
ton peaks in the alkyne ligand and the methyl proton peak j.
(c) Spectrum of the amine-terminated dendrimer with a mean
of 3.8 alkyne ligands G5-(NH,)¢s-alkynes g (sample B). The
mean number of ligands was calculated using the aromatic
aa’bb’ proton peaks in the alkyne ligand and the internal den-
drimer proton peaks f, h, and i. (d) Chemical structure and pro-
ton labels of four terminal dendrimer arms with three differ-
ent end group terminations: amine, actyl, amine, and the
alkyne ligand (listed right to left).

HPLC Characterization of Dendrimer—Ligand Samples
Resolves Distributions of Dendrimer—Ligand Species and Provides
the Mean, Median, and Mode. HPLC separates samples based
upon their interaction with the stationary phase and
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TABLE 1. Comparison of the Average Number of Ligands
per Dendrimer Computed by Two Independent
Techniques (NMR Spectroscopy and HPLC)

G5-NH,-alkyne

NMR HPLC
arithmetic arithmetic . no. dendrimer
median mode .
mean mean species
sampleA 1.1 %0.1 0.9 = 0.04 1 0 6
sampleB 3.8 £ 04 3.7+0.2 3 3 14
sampleC  57% 06 58+0.2 5 4 18
sampleD 129+ 13 139 £ 0.6 14 16 27
G5-Acgg-alkyne
NMR HPLC
arithmetic arithmetic . no. dendrimer
median  mode .
mean mean species
sampleE  0.43 = 0.04 0.4 = 0.01 0 0 4
sample F 0.7 =0.07 0.6 = 0.02 0 0 5
sample G 2703 2.8 +0.1 2 1 12
sample H 6.8 £0.7 72*03 7 7 18
sample | 102 £1.0 11.2*£05 n n 24

the eluting solvent. Recently, we have discovered that
certain alkyne and azide ligands used for click chemis-
try also provide excellent tags for separation of the dis-
tribution of dendrimer—ligand species using reverse-
phase HPLC. Although the dendrimer alone is
composed of a number of different structural forms as

a

Tt T 1 T 1 T
74 73 72 74 7.0
ppm
Figure 2. Expanded view of the aa’bb’ proton peaks in the
"H NMR spectra of samples A—D (panels a—d, respectively).
As the mean number of ligands increases from 1.1 to 12.9,
the full width at half-maximum (fwhm) of both aromatic
peaks increases: 13.1, 15.6, 17.3, and 21.3 Hz, respectively.
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Figure 3. HPLC elution traces of dendrimer—ligand conju-
gates at 210 nm. Traces were normalized to the largest peak
and offset on the vertical axis based on the mean number
of ligands per dendrimer. The HPLC trace of the unmodified
parent dendrimer for each sample set is provided at the
base of each panel (G5-(NH,)11; and G5-Acge-(NH,)3,). (@)
HPLC traces for the G5-NH,-alkyne sample set (samples
A—D). (b) HPLC traces for the G5-Acgo-alkyne sample set
(samples E—I).

a result of defects in the polymer backbone, the separa-
tion that is achieved using the alkyne and azide ligands
is limited to the number of ligands on the different
structural forms of the dendrimer. As such, the term
“dendrimer—ligand species” in this paper refers to any
number of structurally different dendrimers conjugated
with a specific number of ligands.

Elution traces of the dendrimer—ligand conjugates
were obtained at 210 nm using a C5 reverse-phase col-
umn under gradient elution conditions. We have previ-
ously shown that 210 nm is a convenient wavelength
to monitor PAMAM dendrimers because absorbance is
not significantly affected by varying amounts of conju-
gated ligand and Beer’s Law is followed.*? The traces are
grouped in Figure 3 by conjugate type (G5-NH-alkyne
and G5-Acgp-alkyne). Traces were baseline corrected,
normalized, and plotted on the vertical axis based on
each sample’s mean number of conjugated ligands. The
trace of unmodified dendrimer for each conjugate set
(G5-(NHy) 112 and G5-Acgo-(NH,)3) is also included.

Two major features were observed in Figure 3. The
first feature, found in both conjugate sets, is the trend
of increasing trace width as the sample mean increases.

www.acsnano.org
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Figure 4. Peak fitting method quantifies the distribution of dendrimer—ligand species resolved in the HPLC elution traces. (a)
HPLC trace at 210 nm of sample B (G5-(NH,) 0s-alkynes g). Six different peaks (0—5) were observed in the sample’s trace. Peak 0
had the same retention time as the parent dendrimer (G5-(NH,) ;). (b) HPLC trace at 210 nm of sample G (G5-Acgo-(NH3)100-
alkyne, ;). Five different peaks (0—4) were observed in the sample’s trace. Peak 0 had the same retention time as the parent den-
drimer (G5-Acgo-(NH,)3,). (c) Fitted HPLC trace for sample B. The experimental HPLC data are shown with red dots, individual fit-
ting peaks are plotted in green, and the summation of the fitting peaks is plotted in blue. The fitting peak was developed to
have the same shape as the parent dendrimer. (d) Fitted HPLC trace for sample G. The color code for panel d is the same as panel

c. Residual values for panels c and d are 107°,

This trend is rather dramatic when one considers the
width of the unmodified dendrimer profile. The second
feature is the partial resolution of distinct peaks within
each trace that have the same peak shape as the un-
modified dendrimer. These resolved peaks begin at the
same retention time as the unmodified dendrimer and
also occur at later retention times.

A comparison between the elution profiles of the
G5-NH, set and the G5-Acg, set in Figure 3, columns a
and b, respectively, reveals several additional observa-
tions. Both the trace width and the relative amount of
the initially resolved peaks within the sample trace are
greater in the G5-Acgp-based samples than in the G5-
NH,-based samples with comparable means. The G5-
NH,-based conjugates exhibit a slightly skewed Poisso-
nian profile, whereas the G5-Acg, conjugates show an
enhanced skewing. Finally, resolution of the initial
peaks in the HPLC traces for the G5-Acg, set is greater
compared to the G5-NH, set.

Deconvolution of HPLC Traces Using Peak Fitting. Peak fit-
ting analysis provided a means to both identify addi-
tional dendrimer—ligand species in the “tailing” region

www.acsnano.org

of the HPLC traces and to quantify the relative concen-
tration of each dendrimer—Iligand species in a given
sample. A fitting peak for each of the samples was de-
veloped by fitting the elution profile of each sample
type’s unmodified dendrimer (G5-(NH,)1, and G5-Acg,-
(NHy)3,) using Igor Pro 6.01.%2 The functional form em-
ployed for the fitting peak was a Gaussian with an ex-
ponential decay tail to the right side of the elution peak.
Each of the elution profiles for all of the samples in
this study was fit with multiple copies of this fitting
peak. Figure 4 illustrates this multipeak fitting process
with samples B and G. Panels a and b contain each sam-
ple’s respective HPLC trace. The mean number of
ligands for these samples is 3.8 and 2.7, respectively. In
Figure 4c,d, the fits for samples B and G are shown with
the HPLC trace in red, the multiple copies of the fitting
peak in green, and the summation of the fitting peak
copies in blue. The position and area of each fitting
peak copy were not constrained. Two copies of the fit-
ting peaks were added to the left of peak 0 and con-
strained in position. These two small peaks were
present in the unmodified dendrimer profile and are
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likely a result of a small amount of lower generation
dendrimer.*” With the fits for each sample, the relative
concentration of each dendrimer—ligand species in the
sample was determined.

In both HPLC traces in Figure 4a,b, the first large
peak (0) has the same retention time as the unmodi-
fied dendrimer: G5-(NH,)1, for panel a and G5-Acgy-
(NH,)3, for panel b. The second peak in both panels was
preliminarily assigned as being composed of the den-
drimer species with exactly 1 ligand (G5-(NH,)1:-
alkyne; and G5-Acgo-(NH,)30-alkyne). It should be noted
that, in the naming of these species, the number of
alkyne ligands is an exact number while the number of
—Ac groups and —NH, groups is actually the mean
number. The four remaining partially resolved peaks in
panel a and three in panel b were assigned to be den-
drimer species with sequentially increasing numbers of
ligands based on elution order. The additional peaks in
the tailing region of the HPLC traces to the left of these
partially resolved peaks that were identified by peak fit-
ting (panels c and d) were similarly assigned. Analo-
gous peak assignments were made for all of the
dendrimer—ligand samples in this study.

Mean, Median, and Mode of Ligand —Dendrimer Populations
Obtained Using HPLC. The relative concentrations of den-
drimer species, resolved by HPLC and quantified
through the peak fitting analysis, were used to calcu-
late the weighted arithmetic mean of ligands per den-
drimer for each sample. This value can be directly com-
pared to the value obtained using 'H NMR spectroscopy
(Table 1). For all of samples, the HPLC mean is identi-
cal, within error, to the mean determined indepen-
dently by the combined NMR/GPCl/titration analysis.
The weighted median and the mode were also deter-
mined for each sample.

Distribution Features. Relative concentrations of
dendrimer—ligand species for all samples are plotted
in Figure 5. These distributions are grouped by sample
set (panel a for G5-NH,-alkyne and panel b for G5-Acgy-
alkyne). Three common trends exist across the panels.
First, the number of dendrimer—ligand species present
in a sample increases as the mean ligand number in-
creases. Second, with the exception of samples D, H,
and |, between 8 and 44% of each sample is composed
of unmodified dendrimer. In many cases, the unmodi-
fied dendrimer is, in fact, the most abundant species
present. The third trend, again with the exception of
samples D, H, and |, is that the mean dendrimer—ligand
species is not identical to the median or mode
dendrimer—ligand species.

Additional observations can be made within each
of the two sample sets in Figure 5. The G5-NH,-alkyne
samples (Figure 5a) have skewed Poissonian distribu-
tion profiles. A close comparison between each of these
distributions and a Poisson distribution with the match-
ing mean reveals that the sample distributions have
an over-abundance of dendrimer—ligand species at
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Figure 5. Quantified dendrimer—ligand distributions deter-
mined by the peak fitting enabled decovolution of the HPLC
traces. (a) Dendrimer—ligand distributions for G5-NH,-based
samples (samples A—D). (b) Dendrimer—ligand distribu-
tions for G5-Acgo-(NH,)3;-based samples (samples E—I).

both low and high regions of the distribution and an
under-abundance of the dendrimer—ligand species
with similar numbers of ligands to the sample’s mean.
The quantified dendrimer—ligand distributions on par-
tially acetylated dendrimer (Figure 5b) exhibit a much
more pronounced version of this feature.

Figure 6 provides an additional perspective by
grouping the samples based on the sample ligand
mean rather than sample set. Panel a contains the
two samples with the highest ligand means (10.2
and 12.9). Panel b contains the four samples with
medium level ligand means (2.7—6.8). Finally, panel
c contains the three samples with the lowest ligand
means (0.4—1.1). The initial acylation had a signifi-
cant effect on the dendrimer—ligand distribution re-
sulting in a significant departure from a pure Poisso-
nian distribution, far greater than was observed for
the G5-NH,-based samples. Also evident in Figure 6
is the greater number of dendrimer—ligand species
for the samples that were produced with the par-
tially acetylated dendrimer compared to the G5-NH,-
based sample set.

Distribution Estimations for Folic Acid and Methotrexate-
Conjugated Dendrimer. On the basis of the quantified
dendrimer—alkyne ligand distributions described

www.acsnano.org
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Figure 6. Comparison of dendrimer—ligand distributions
for samples with similar ligand means. (a) Distributions for
samples | and D with ligand means of 10.2 and 12.9, respec-
tively. (b) Distributions for samples with means between
2.7 and 6.8 (samples G, B, C, and H). (c) Distributions for
samples with means between 0.4 and 1.1 (samples E, F, and
A).

above, the ligand distributions for the FA- and MTX-
conjugated dendrimer, described in the introduction,
can be explored. As noted earlier, this particular den-
drimer conjugate was determined to have a mean of 4
FA and 5 MTX molecules per dendrimer. Whereas the
experimentally determined distributions in this study
follow skewed Poissonian functional forms, the math-
ematical model used for this investigation is a true Pois-
son model with a prescribed mean and number of avail-
able attachment points. Ligand distributions resulting

www.acsnano.org
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Figure 7. Theoretical distribution of dendrimer species that com-
pose a dendrimer sample with a mean of 4 folic acid and 5 methotr-
exate molecules per dendrimer. This figure assumes that folic acid
and methotrexate follow Poissonian distributions (statistically dis-
tributed). (a) Poisson distributions with means of 4 and 5 molecules
per dendrimer. (b) Relative concentration of dendrimer species
with different numbers of folic acid and methotrexate. Approxi-
mately 4% of the dendrimer sample is composed of a dendrimer
with exactly 4 folic acid and 5 methotrexate molecules. Only 0.3 to
<0.01% is expected to consist 4 folic acid and 5 methotrexate mol-
ecules with the optimally active y regiochemistry.

from this model with means of 4 and 5 representing
the FA and MTX ligand distributions are displayed in
Figure 7a. Both distributions are combined in a two-
dimensional matrix in order to describe all of the differ-
ent G5-FA-MTX species. The bar plot in Figure 7b con-
tains the sample concentrations for all of the different
dendrimer species based on the Poisson distributions
for the individual ligands. Approximately 182 (13 X 14)
different G5-FA-MTX species are found in this plot. Only
3.9% of the total sample consists of a dendrimer with
exactly 4 folic acid and 5 methotrexate molecules. It
should be noted that these concentrations assume that
the distribution of methotrexate, for example, is not in-

VOL.4 » NO.2 = 657-670 = 2010 ACYNJANIO)
=4

663



fluenced by the pre-existing distributions of acetyl
groups, folic acid molecules and dye molecules that
were present during the methotrexate conjugation.

The number of different species in Figure 7b also
does not take into account the different regioisomers
of folic acid and methotrexate conjugates that have sig-
nificantly different biological activities. Both com-
pounds have two carboxylic acid groups (« and ). Sev-
eral studies have found that folic acid and methotrex-
ate maintain their biological activity when conjugated
through the y-carboxylic acid and either completely
lose or experience a substantial reduction in biological
activity when conjugated via the a-carboxylic acid.*®~>!
The EDC coupling method that is used to conjugate
both folic acid and methotrexate to the dendrimer is
not regiospecific and results in three different deriva-
tives of both folic acid and methotrexate: amide bond
at the y-position, amide bond at the a-position, and
amide bonds at both - and y-positions. Taking the
three different versions of methotrexate and folic acid
into account means that this particular dendrimer sys-
tem is composed of ~1638 different dendrimer species.
Taking into account folic acid and methotrexate regio-
chemistry into the consideration of the percentage of
sample containing 4 fully active folic acid and 5 fully ac-
tive methotrexate significantly reduces the estimate
from the 3.9% given above. Experimentally determined
ratios of y- versus a-modified forms of folic acid and
methotrexate vary from roughly 80 to 30% of the ac-
tive y-form relative to the other forms.*3°2>3 The
amount of fully active material, when also including
the effects of proper regiochemistry, ranges from 0.3%
to less than 0.01%.

DISCUSSION

A number of groups have sought to characterize
nanoparticle—ligand distributions. Several different
methods have been employed including gel electro-
phoresis,>* anion-exchange HPLC,> ultraperformance
liquid chromatography,* fluorescence resonance en-
ergy transfer,”® mass spectrometry,”” and fluorescence
quenching.*® Recently, we published the results of a
study that investigated the specific case of
dendrimer—ligand conjugates with mean ratios close
to 1:1.%2 HPLC was used to resolve the distribution of
dendrimer—ligand species, and the peak fitting method
was utilized to quantify the different dendrimer—ligand
distributions. The observed distributions were found
to be consistent with theoretical expectations.

The nature of the distribution of dendrimer—ligand
species quantified in this paper suggests that, when
possible, investigations of nanoparticle—ligand distri-
butions should be incorporated in all future research
studies pertaining to nanoparticle—ligand conjugates,
as well as in the design of new generation nanoparticle-
based systems. To fully understand the functionality of
a nanoparticle—ligand system, knowledge of only the
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mean ligand/nanoparticle ratio is inadequate. This
study provides new information about the relationship
between the typically measured average and the actual
material composition. Here we seek to address the
questions raised earlier in this article.

Relationship between Mean, Median, And Mode. To the
best of our knowledge, the average values for all
nanoparticle—ligand systems published to date have
been arithmetic means. Values for the median and
mode have never before been reported. This is a conse-
quence of a reliance on mean-producing characteriza-
tion techniques and a lack of emphasis on determining
the number and relative amount of the different spe-
cies that gives rise to the mean. Differences between
these three forms of the average can be indicative of
distribution features. As seen in Table 1, in samples with
means of ~6 or below, the mean, median, and mode
can differ substantially. For samples A, E, and F, which
all have arithmetic means of 1 or less, the mode of the
samples is actually 0. For sample C, which has an arith-
metic mean of 6, the mode is actually 4. Also note that
for all samples, except D, the mean is always the same
or greater than the median and the mode. The signifi-
cance of considering the various forms of the average
value is most apparent when considering samples A
and G. In sample A, although the mean is ~1, the mode
is 0. If this ligand was a targeting agent, drug, or dye,
the most common species in the dendrimer distribu-
tion would have no activity. In sample G, although the
mean is ~3, the mode is 1. If one was designing mate-
rials for multivalent targeting, the most common spe-
cies would exhibit no multivalent binding. For such sys-
tems, cartoons that present the mean numbers of
ligands are particularly misleading with regards to the
biological activity that can be expected.

Dendrimer—Ligand Samples Are Heterogeneous. The
dendrimer—ligand distributions that have been quanti-
fied in this study contradict the concept that such
samples are functionally homogeneous and composed
of a relatively small number of constituent species. Al-
though G5 PAMAM dendrimers are, with PDIs as low as
1.01, characterized by high degrees of structural unifor-
mity, this polymeric monodispersity is derived from a
synthetic process that exposes a vast molar excess of
the monomer unit to the number of attachment points
available on the dendrimer. The ligand conjugation re-
actions to the dendrimer are distinctly different from
the dendrimer synthesis because there is instead an ex-
cess of attachment points on the dendrimer relative to
the molar amount of ligand added. The consequence of
this stochastic condition is seen in the number of differ-
ent dendrimer species for each sample, listed in Table
1. Sample E, with a ligand mean of 0.4, is composed of
4 different dendrimer—ligand species ranging from un-
modified dendrimer to dendrimer with 3 ligands.
Sample D with the highest mean in this study (12.9)
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has 27 different species present ranging from den-
drimer with no ligands up to dendrimer with 26 ligands.

The mathematical form that the distributions follow
in dendrimer—ligand samples is a skewed Poisson dis-
tribution. A comparison of experimentally quantified
distributions with Poisson and Gaussian distribution
models can be found in Figure 8 for three of the G5-Ac-
based samples. The Gaussian comparisons are pro-
vided only because many scientists are used to think-
ing about a distribution of this form and it therefore
provides an interesting comparison to the Poisson dis-
tribution. In addition, previous work quantifying
biotin—dendrimer distributions compared the experi-
mental results to a Gaussian distribution.? Panel a dis-
plays the distribution for sample H with a mean of 6.8.
Three distribution models are included: a Poisson distri-
bution with a mean of 6.8 and 32 available attachment
sites, and two Gaussian distributions with means of 6.8
and standard deviations of 1 and 4. Note that the Gauss-
ian with a standard deviation of 1 resembles what one
might expect to see in a "homogeneous” sample. This
Gaussian distribution does not, however, agree with the
heterogeneity observed in the experimental data. In
fact, the standard deviation has to be increased to 4 in
order to obtain a distribution that resembles sample H.
The distribution for sample H is skewed from both the
Gaussian with SD = 4 and the Poisson distribution in
that there is a systematic over-abundance of species
with low and high ligand numbers and an under repre-
sentation of species with numbers close to the mean.
In addition, the skewed Poisson distributions are consis-
tent with our previous results for samples with ligand
means of 0.5—1.47.%2

The heterogeneity observed in these
dendrimer—ligand conjugates raises substantial doubt
that the mean alone is an adequate measurement to
understand nanoparticle—ligand composition and
function. As a single value, the mean does not capture
the true diversity of species present in the material. Cer-
tainly, it is incorrect to infer that the majority of the
population is within =1 ligands of the mean. The only
exceptions, in this study, are samples A, E, and F. Note
that all of these samples have low mean values (1.1 and
lower), below the means typically used for functional
dendrimer conjugates. In fact, for samples with ligand
means of 6.8 and higher, the majority of dendrimer spe-
cies present is not even within =2 ligands of the mean.
In addition to this, in many cases, the mean is not the
species with the largest relative concentration (the
mode). The final problem with relying exclusively on
the mean to describe the material composition is that
it is completely unable to detect changes in heteroge-
neity that are caused by differences in the dendrimers’
synthetic history (for example, pre-existing distribu-
tions).
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Figure 8. Comparison of dendrimer—ligand distributions with
Poisson and Gaussian distributions. In all cases, the Poisson
distribution has two inputs: the ligand mean and the total
number of available attachment points on the dendrimer sur-
face (32). The Gaussian distribution also has two inputs: the
ligand mean and the standard deviation. (a) Distribution for
sample H with a mean of 6.8 ligands per dendrimer. Two
Gaussian distributions are shown, each with means of 6.8 and
with standard deviations of 1 (gold) and 4 (blue). (b) Distribu-
tion for sample G with a mean of 2.7 ligands per dendrimer.
Two Gaussian distributions are shown, each with means of 2.7
and with standard deviations of 1 (pink) and 3 (green). (c) Dis-
tribution for sample E with a mean of 0.4 ligands per den-
drimer. The Gaussian distribution has a mean of 0.4 and a stan-
dard deviation of 1 (navy).
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Pre-existing Distributions Increase Sample Heterogeneity.
Many dendrimer—ligand systems employ a partial acy-
lation step before conjugating additional ligands such
as FA or MTX. Furthermore, when attaching different
ligands, it is common to utilize a sequential reaction
strategy. In both of these situations, ligands are conju-
gated in the presence of a pre-existing distribution
making ligand distributions highly sensitive to the
nanoparticles’ synthetic history.

It is clear from the distribution data that the par-
tially acetylated dendrimer causes an enhanced depar-
ture from the slightly skewed Poisson distribution ob-
served in G5-NH,-based samples. Given that the
acetylation reaction takes place with an excess of amine
groups on the dendrimer relative to the amount of ace-
tic anhydride added, the acetylation reaction itself
should result in a distribution composed of dendrimer
molecules with different numbers of acetyl groups and
consequently a distribution of primary amines for future
reactions. The key implication is that the ligand conju-
gation with the partially acetylated dendrimer takes
place in the presence of a pre-existing distribution of
primary amines in the dendrimer material. This pre-
existing distribution creates a situation wherein den-
drimer molecules with high degrees of acetylation have
a lower likelihood of reacting with a ligand than the
dendrimer molecules in the same sample that have
lower degrees of acetylation. The broader implication
of this effect is that, when conjugating multiple differ-
ent functional groups to the dendrimer using conjuga-
tion reactions conducted in series, each additional con-
jugation will experience an increased skewing of the
distribution and sample heterogeneity.

In light of the effect that pre-existing distributions
have on subsequent ligand conjugations, it is impor-
tant to point out that the HPLC traces for the two un-
modified dendrimer (G5-(NH,) and G5-Acgy-(NH>)s3,) are
nearly identical. Indeed, the difference in surface amine
group heterogeneity between these two samples is
not identified by this chromatographic technique. This
case should serve as a warning in terms of the problems
associated with making conclusions about sample
monodispersity based on single peaks.

Implications of Nanoparticle—Ligand Distributions for
Understanding Nanoparticle—Ligand Function. This study pro-
vides valuable insight into the functional ligand distri-
butions that exist in nanoparticle-based systems, par-
ticularly those highlighted in the introduction. For many
of these systems, the distribution of
nanoparticle—ligand species has not been incorpo-
rated into the interpretation of the nanomaterial’s bio-
logical activity. One particularly relevant example is the
multivalent targeting that has been observed for FA-
conjugated dendrimer. Previously, Hong and col-
leagues studied the relationship between multivalent
targeting and the mean number of FA per dendrimer
using surface plasmon resonance (SPR) and flow cytom-
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etry.>® Five dendrimer samples were generated with
means between 2.6 to 13.7. On the basis of the distribu-
tions reported earlier in this paper, the dendrimer—folic
acid samples were likely composed of between 12 and
27 different species.

In the context of multivalent targeting, consider
samples G and H. In sample G, which has a mean of
2.7, approximately 36% of the total dendrimer is not ca-
pable of multivalent targeting because it has either 0
or 1 ligand. Approximately 50% of the sample has be-
tween 2 and 5 conjugated ligands, which one might
reasonably expect to have a multivalent capacity. The
14% of the sample composed of dendrimer with 6 or
more ligands may actually be less effective at multiva-
lent targeting both because of a decreased water solu-
bility from the high number of hydrophobic ligand mol-
ecules and/or due to ligand—ligand self-aggregation
problems.®® Sample H, with a mean of 6.8, has about
65% of its dendrimer material in this high ligand range.
About 29% of the dendrimer population is in the pre-
dicted optimal range necessary to achieve multivalency,
and about 6% appears incapable of multivalent target-
ing. This type of analysis can also be applied to multi-
ligand systems such as the G5-FA-MTX dendrimer,
which would have very complex distributions of its
three components (FA, MTX, and acetyl groups). With
over 1600 different species, it appears evident that not
all species have equal functionalities. In fact, it is very
likely that only a small portion of the total material is ac-
tually capable of the desired activity. Given the diver-
sity of species in these materials, interpreting biologi-
cal results based solely on the mean number of
functional groups ignores the varying contributions of
individual dendrimer species and their concentration
relative to the other species present. Incorporating this
reality into future studies may lead to significant im-
provements in nanoparticle—ligand system design, par-
ticularly if specific dendrimer species are identified as
having significantly enhanced biological activity.

Implications of Distributions for Platform Design. For
dendrimer—Iligand systems, we propose three modifica-
tions to the current multifunctional dendrimer design and
synthesis strategy to better control the distribution of
dendrimer—Iligand species. First, attempts should be
made to eliminate the initial partial acetylation of the den-
drimer. Although the partially acetylated dendrimer does
have the benefit of enhanced solubility in several solvents
that are commonly used for functional ligand conjuga-
tions, this study demonstrates that skipping this step will
lead to a less disperse dendrimer—ligand sample. Second,
synthetic strategies that reduce the number of sequen-
tial conjugations to the dendrimer should be explored.
This could include both combining different functional
ligands together before conjugation to the dendrimer, as
well as limiting the number of different ligands being con-
jugated to the dendrimer. Finally, synthetic strategies
and separation techniques should be developed that can
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reduce the distribution of dendrimer species within a
sample.

CONCLUSION

The distributions of dendrimer—ligand species in
samples with means between 0.4 and 13 ligands per den-
drimer were resolved and quantified using HPLC. The
use of partially acetylated dendrimer was found to have
a significant effect upon the distribution of
dendrimer—ligand species causing a greater skewing
from a Poissonian distribution compared to samples pre-
pared using the amine-terminated dendrimer. This sug-
gests that dendrimer—ligand distributions are highly

EXPERIMENTAL METHODS

Reagents and Materials. Biomedical grade Generation 5 PAMAM
(poly(@amidoamine)) dendrimer was purchased from Dendritech
Inc. and purified as described in the Synthesis section. MeOH
(99.8%), acetic anhydride (99.5%), triethylamine (99.5%), di-
methyl sulfoxide (99.9%), dimethylformamide (99.8%), acetone
(ACS reagent grade =99.5%), N,N-diisopropylethylamine,
benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluoro-
phosphate (98%), D,0, and volumetric solutions (0.1 M HCI and
0.1 M NaOH) for potentiometric titration were purchased from
Sigma Aldrich Co. and used as received; 10 000 molecular weight
cutoff centrifugal filters (Amicon Ultra) were obtained from
Fisher Scientific, and 1X phosphate buffer saline (PBS) (pH =
7.4) without calcium or magnesium was purchased from Invitro-
gen. The alkyne ligand (3-(4-(prop-2-ynyloxy)phenyl)propanoic
acid) was synthesized as described previously.*

Nuclear Magnetic Resonance Spectroscopy. All 'TH NMR experiments
were conducted using a Varian Inova 400 MHz instrument. A
10 s delay time and 64 scans were set for each dendrimer sample.
Temperature was controlled at 25 °C. For experiments con-
ducted in D0, the internal reference peak was set to 4.717 ppm.
Upon measuring T>* values and empirical studies to ensure that
the chosen delay was long enough to avoid any decreased peak
intensity associated with spin saturation, the delay for all integra-
tion studies was set to 10 s.

Gel Permeation Chromatography. GPC experiments were per-
formed on an Alliance Waters 2695 separation module equipped
with a 2487 dual wavelength UV absorbance detector (Waters
Corporation), a Wyatt HELEOS Multi Angle Laser Light Scatter-
ing (MALLS) detector, and an Optilab rEX differential refractome-
ter (Wyatt Technology Corporation). Columns employed were
TosoHaas TSK-Gel Guard PHW 06762 (75 mm X 7.5 mm, 12 wm),
G 2000 PW 05761 (300 mm X 7.5 mm, 10 wm), G 3000 PW 05762
(300 mm X 7.5 mm, 10 wm), and G 4000 PW (300 mm X 7.5
mm, 17 wm). Column temperature was maintained at 25 = 0.1
°C with a Waters temperature control module. The isocratic mo-
bile phase was 0.1 M citric acid and 0.025 wt % sodium azide, pH
2.74, at a flow rate of 1 mL/min. The sample concentration was
10 mg/5 mL with an injection volume of 100 L. The weight av-
erage molecular weight, M,,, was determined by GPC, and the
number average molecular weight, M, was calculated with As-
tra 5.3.14 software (Wyatt Technology Corporation) based on the
molecular weight distribution.

Reverse-Phase High-Performance Liquid Chromatography. HPLC
analysis was carried out on a Waters Delta 600 HPLC system
equipped with a Waters 2996 photodiode array detector, a Wa-
ters 717 Plus autosampler, and Waters Fraction collector Ill. The
instrument was controlled by Empower 2 software. For analysis
of the conjugates, a C5 silica-based RP HPLC column (250 X 4.6
mm, 300 A) connected to a C5 guard column (4 X 3 mm) was
used. The mobile phase for elution of the conjugates was a lin-
ear gradient beginning with 100:0 (v/v) water/acetonitrile and
ending with 20:80 (v/v) water/acetonitrile over 30 min at a flow
rate of T mL/min. Trifluoroacetic acid (TFA) at 0.14 wt % concen-
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sensitive to the particular dendrimer batch’s synthetic his-
tory and that these results are applicable to a number of
different functional ligands. For the range of
dendrimer—ligand samples covered in this study, the av-
erage structure does a poor job reflecting the diversity of
dendrimer—ligand species that exist in each sample. In
many cases, the dendrimer—ligand species with the same
number of ligands as the mean number is not even the
most abundant species. Knowledge of these distributions
for functional nanomaterials can lead to improved sys-
tem design and predictions of structure, function, and ac-
tivity of the generated material.

tration in water as well as in acetonitrile was used as a counte-
rion to make the dendrimer surfaces hydrophobic. Elution traces
of the dendrimer—ligand conjugate were obtained at 210 nm.
We have previously shown that 210 nm is a convenient wave-
length to monitor PAMAM dendrimers because absorbance is
not significantly affected by varying amounts of conjugated
ligand and Beer’s Law is followed.*> Run-to-run reproducibility
of retention time was 0.016 min, which is ~4% of the magni-
tude of the peak-to-peak separation noted in this analysis.

Potentiometric Titration. Potentiometric titration was carried out
using a Mettler Toledo MP220 pH meter and a Mettler Toledo In-
Lab 430 pH electrode at room temperature, 23 °C. A 10 mL solu-
tion of 0.1 N NaCl was added to purified G5 PAMAM dendrimer
1 (127.5 mg) to shield amine group interactions. The pH of the
dendrimer solution was lowered to pH = 2.01 using 0.1034 N
HCI. A 25 mL Brand Digital Buret Ill was used for the titration with
0.0987 N NaOH. The numbers of primary and tertiary amines
were determined by from the titration curve with NaOH as pre-
viously described.* (The titration data are provide in the Support-
ing Information.)

Synthesis. The G5-(NH,),1, dendrimer was conjugated to Ac
and alkyne groups. Ac refers to the acetyl termination and alkyne
to the alkyne ligand.

Purification of Generation 5 PAMAM Dendrimer G5-(NH,);;,. The purchased
G5 PAMAM dendrimer was purified by dialysis, as previously de-
scribed,* to remove lower molecular weight impurities includ-
ing trailing generation dendrimer defect structures. The number
average molecular weight (27 100 = 1000 g/mol) and PDI (1.018
+ 0.014) was determined by GPC. Potentiometric titration was
conducted to determine the mean number of primary amines
(112 £ 5).

Synthesis of Partially Acetylated Dendrimer G5-Acgy-(NH,)3,. Purified G5
PAMAM dendrimer 1 (180.1 mg, 6.588 pwmol) was dissolved in an-
hydrous methanol (26.8 mL). Triethylamine (83.6 L, 0.600
mmol) was added to this mixture and stirred for 30 min. Acetic
anhydride (45.3 pL, 0.480 mmol) was added to anhydrous
methanol (7.3 mL), and the resulting mixture was added in a
dropwise manner to the dendrimer solution. The reaction was
carried out in a glass flask under nitrogen at room temperature
for 24 h. Methanol was evaporated from the resulting solution,
and the product was purified using 10 000 MWCO centrifugal fil-
tration devices. Purification consisted of six cycles (10 min at
5000 rpm) using 1X PBS (without magnesium and calcium) and
six cycles using DI water. The purified dendrimer was lyophilized
for 3 days to yield a white solid (124.5 mg, 62%). "H NMR integra-
tion determined the degree of acetylation to be 71.5%.

Synthesis of Dendrimer— Ligand Samples. All reaction steps were car-
ried out in glass scintillation vials at room temperature under ni-
trogen. All samples were purified using 10 000 MWCO centrifu-
gal filtration devices. Purification consisted of one cycle (10 min
at 5000 rpm) using 1X PBS (without magnesium or calcium) and
five cycles using DI water.

were generated to synthesize samples A—D. A solution of G5
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PAMAM dendrimer 1 (37.6 mg, 1.38 pmol) was prepared with an-
hydrous DMSO (7.000 mL). The alkyne ligand (5.7 mg, 28 pmol)
was dissolved in DMSO (2.85 mL). Benzotriazol-1-yl-
oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP)
(5.5 mg, 10.6 pmol) was dissolved in DMSO (1.10 mL).

Sample A. The alkyne ligand (0.10 mg, 0.49 pwmol) solution in
anhydrous DMSO (43.9 uL) was added to a solution of G5-NH,

1 (8.0 mg, 0.29 pmol) in anhydrous DMSO (1.489 mL). N,N-
Diisopropylethylamine (0.30 mg, 0.40 p.L, 2.3 pmol) was added
to the reaction mixture together with 1.091 mL of additional
DMSO, and the resulting solution was stirred for 30 min. A solu-
tion of PyBOP (0.20 mg, 0.38 pwmol) in anhydrous DMSO (44.8 L)
was added in a dropwise manner (0.1 mL/min) to the den-
drimer solution. The resulting reaction mixture was stirred for
24 h under nitrogen and then purified as described earlier. The
purified product, sample A, was lyophilized for 3 days to yield a
white solid (5.7 mg, 71%). "H NMR integration determined the
mean number of alkyne ligands per dendrimer to be 1.1.

Sample B. Sample B was synthesized in the same manner as
sample A, using G5-NH, 1 (8.0 mg, 0.29 pwmol) in anhydrous
DMSO (1.489 mL), the alkyne ligand (0.26 mg, 1.3 pmole) in
DMSO (131.8 p.L), N,N-diisopropylethylamine (1.0 mg, 1.3 pL,
7.5 pmol), 0.913 mL of additional DMSO, and PyBOP (0.70 mg,
1.3 wmol) in anhydrous DMSO (134.4 uL). Sample B was purified
and lyophilized in the same manner as sample A. The purified
product, sample B, was a white solid (8.0 mg, 97%). 'H NMR inte-
gration determined the mean number of alkyne ligands per den-
drimer to be 3.8.

Sample C. Sample C was synthesized in the same manner as
sample A, using G5-NH, 1 (8.0 mg, 0.29 pmol) in anhydrous
DMSO (1.489 mL), the alkyne ligand (0.44 mg, 2.2 pmol) in DMSO
(219.7 pL), N,N-diisopropylethylamine (1.7 mg, 2.2 pL, 13 pmol),
0.734 mL of additional DMSO, and PyBOP (1.1 mg, 2.2 umol) in
anhydrous DMSO (224.0 pL). Sample C was purified and lyophi-
lized in the same manner as sample A. The purified product,
sample C, was a white solid (6.9 mg, 83%). 'H NMR integration
determined the mean number of alkyne ligands per dendrimer
to be 5.7.

Sample D. Sample D was synthesized in the same manner as
sample A, using G5-NH, 1 (8.0 mg, 0.29 wmol) in anhydrous
DMSO (1.489 mL), the alkyne ligand (0.88 mg, 4.3 umol) in DMSO
(439.5 pL), N,N-diisopropylethylamine (3.3 mg, 4.5 pL, 26 pwmol),
0.288 mL of additional DMSO, and PyBOP (2.2 mg, 4.30 pwmol) in
anhydrous DMSO (447.9 pL). Sample D was purified and lyophi-
lized in the same manner as sample A. The purified product,
sample D, was a white solid (8.1 mg, 92%). "H NMR integration
determined the mean number of alkyne ligands per dendrimer
to be 12.9.
were generated to synthesize samples E—I. A solution of the par-
tially acetylated dendrimer 2 (22.4 mg, 0.728 mol) was pre-
pared with anhydrous DMSO (4.9778 mL). The alkyne ligand (9.9
mg, 49 pmol) was dissolved in DMSO (4.9500 mL). Benzotriazol-
1-yl-oxytripyrrolidinophosphonium hexafluorophosphate (Py-
BOP) (5.4 mg, 10 pwmol) was dissolved in DMSO (1.000 mL).

Sample E. The alkyne ligand (29.0 g, 0.146 wmol) in anhydrous
DMSO (14.6 pL) was added to a solution of partially acetylated
dendrimer (4.4 mg, 0.14 p.mol) in anhydrous DMSO (0.978 mL).
N,N-Diisopropylethylamine (1.1 mg, 1.5 p.L, 8.6 umol) was added
to the reaction mixture, and the resulting solution was stirred
for 30 min. A solution of PyBOP (74.0 j.g, 0.143 wmol) in anhy-
drous DMSO (13.8 pL) was added in a dropwise manner (0.1 mL/
min) to the dendrimer solution. The resulting reaction mixture
was stirred for 24 h under nitrogen and then purified as de-
scribed earlier. The purified product, sample E, was lyophilized
for 3 days to yield a white solid (3.7 mg, 84%). 'H NMR integra-
tion determined the mean number of alkyne ligands per den-
drimer to be 0.4.

Sample F. Sample F was synthesized in the same manner as
sample E, using partially acetylated dendrimer (4.4 mg, 0.14
pmol) in anhydrous DMSO (0.978 mL), the alkyne ligand (58.0
g, 0.286 wmole) in DMSO (29.2 pL), N,N-diisopropylethylamine
(0.2 mg, 0.3 pL, 2 wmol), and PyBOP (0.15 mg, 0.29 pwmol) in an-
hydrous DMSO (28 p.L). Sample F was purified and lyophilized in
the same manner as sample E. The purified product, sample F,
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was a white solid (3.1 mg, 70%). '"H NMR integration deter-
mined the mean number of alkyne ligands per dendrimer to be
0.7.

Sample 6. Sample G was synthesized in the same manner as
sample E, using partially acetylated dendrimer (4.4 mg, 0.14
wmol) in anhydrous DMSO (0.978 mL), the alkyne ligand (0.15
mg, 0.72 pmol) in DMSO (73.0 pL), N,N-diisopropylethylamine
(0.6 mg, 0.7 pL, 4 wmol), and PyBOP (0.37 mg, 0.72 pmole) in an-
hydrous DMSO (69 pL). Sample G was purified and lyophilized
in the same manner as sample E. The purified product, sample
G, was a white solid (3.6 mg, 80%). 'H NMR integration deter-
mined the mean number of alkyne ligands per dendrimer to be
2.7.

Sample H. Sample H was synthesized in the same manner as
sample E, using partially acetylated dendrimer (4.4 mg, 0.14 umol)
in anhydrous DMSO (0.978 mL), the alkyne ligand (0.29 mg, 1.4
pmol) in DMSO (146 L), N,N-diisopropylethylamine (1.1 mg, 1.5
wL, 8.6 pmol), and PyBOP (0.74 mg, 1.4 umole) in anhydrous DMSO
(138 pL). Sample H was purified and lyophilized in the same man-
ner as sample E. The purified product, sample H, was a white solid
(3.5 mg, 76%). "H NMR integration determined the mean number
of alkyne ligands per dendrimer to be 6.8.

Sample I. Sample | was synthesized in the same manner as
sample E, using partially acetylated dendrimer (4.4 mg, 0.14
pmol) in anhydrous DMSO (0.978 mL), the alkyne ligand (0.44
mg, 0.14 wmol) in DMSO (978 L), N,N-diisopropylethylamine
(1.7 mg, 2.2 pL, 13 wmol), and PyBOP (1.1 mg, 2.1 wmol) in anhy-
drous DMSO (207 pL). Sample | was purified and lyophilized in
the same manner as sample E. The purified product, sample |,
was a white solid (2.7 mg, 57%). 'H NMR integration determined
the mean number of alkyne ligands per dendrimer to be 10.2.
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