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CONS P EC TU S

N anoparticles conjugated with functional ligands are expected to have a
major impact in medicine, photonics, sensing, and nanoarchitecture

design. One major obstacle to realizing the promise of these materials,
however, is the difficulty in controlling the ligand/nanoparticle ratio. This
obstacle can be segmented into three key areas: First, many designs of these
systems have failed to account for the true heterogeneity of ligand/nanoparticle
ratios that compose eachmaterial. Second, studies in the field often use themean
ligand/nanoparticle ratio as the accepted level of characterization of these
materials. This measure is insufficient because it does not provide information
about the distribution of ligand/nanoparticle species within a sample or the
number and relative amount of the different species that compose a material.
Without these data, researchers do not have an accurate definition of material
composition necessary both to understand the material�property relationships
and tomonitor the consistency of the material. Third, some synthetic approaches
now in use may not produce consistent materials because of their sensitivity to
reaction kinetics and to the synthetic history of the nanoparticle.

In this Account, we describe recent advances that we have made in under-
standing the material composition of ligand�nanoparticle systems. Our work
has been enabled by a model system using poly(amidoamine) dendrimers and
two small molecule ligands. Using reverse phase high-pressure liquid chroma-
tography (HPLC), we have successfully resolved and quantified the relative
amounts and ratios of each ligand/dendrimer combination. This type of
information is rare within the field of ligand�nanoparticle materials because most analytical techniques have been unable to
identify the components in the distribution.

Our experimental data indicate that the actual distribution of ligand�nanoparticle components is muchmore heterogeneous than
is commonly assumed. Themean ligand/nanoparticle ratio that is typically the only information known about amaterial is insufficient
because the mean does not provide information on the diversity of components in the material and often does not describe the most
common component (the mode). Additionally, our experimental data has provided examples of material batches with the samemean
ligand/nanoparticle ratio and very different distributions. This discrepancy indicates that themean cannot be used as the solemetric to
assess the reproducibility of a system.We further found that distribution profiles can be highly sensitive to the synthetic history of the
starting material as well as slight changes in reaction conditions. We have incorporated the lessons from our experimental data into
the design of new ligand�nanoparticle systems to provide improved control over these ratios.

Introduction
Nanoparticle-based platforms conjugated with functional

ligands have been developed for a remarkably wide range

of applications including nanoassemblies and structures,1

sensing,2,3 imaging and diagnostics,4,5 probes of biological

structure,6 and targeted delivery.7�9 Conjugation of small

molecule ligands to a nanoparticle with a large excess of

attachment sites results in material that is composed of a
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distribution of particles with varying ligand/particle ratios. In

our experience, the magnitude of this heterogeneity is

frequently underestimated and explicit consideration of

particle�ligand distributions is often not considered in plat-

form design or fully appreciated when interpreting data

derived from such systems. There remains a major need

for improved characterization and definition of the material

composition as well as a better understanding of the rela-

tionship between the components in the distribution and

activity.

The arithmetic mean number of ligands is the most

widely used parameter to characterize the distribution of

ligand�nanoparticle components per particle. Although de-

fining the ligand�nanoparticle composition by the arith-

metic mean is an accepted standard of practice, this single

value is insufficient to understand the material composition

and ultimately predict the material activity. The problem is

frequently compounded by the naive expectation that if a

distribution of ligands exists, it will take the form of a normal

Gaussian distribution centered at the arithmetic mean. This

expectation results in a substantial misunderstanding of the

actual material compositions, especially for low numbers of

conjugated ligands (1�10). Furthermore, it is not reliable to

assume that material with the same mean number of

ligands per particle necessarily has the same distribution.

Finally, although values such as the median and the mode

do provide additional information about the distribution, a

comprehensive understanding requires characterization of

the whole distribution.

This Account provides our perspective on the problems

that distribution in the ligand/particle ratio present to the

field at large. This analysis is generally applicable to ligand�
nanoparticle systemswhere the ligand is conjugatedwith an

excess of attachment sites on the nanoparticle and where

the ligand is small relative to the nanoparticle such that site

blocking is limited to the single attachment site. The gen-

eration 5 (G5) PAMAM dendrimer (Figure 1) plays a special

role in these studies because of the very low polydispersity

index (1.01) that can be obtained. The comparatively low

degree of heterogeneity of this polymer platform facilitates

characterization and isolation as a function of conjugated

ligand. Other polymer platforms or nanoparticle systems

showing a greater degree of heterogeneity in the base

material would necessarily be more difficult to analyze in

terms of the degree of ligand conjugation.

Our efforts in characterizing and defining ligand�
nanoparticle distributions have been greatly facilitated by

two ligand�nanoparticle systems for which the distribution

of components can be resolved by high-performance liquid

chromatography (HPLC). 3-(4-(Prop-2-ynyloxy)phenyl)propanoic

acid (alkyne ligand) and 3-(4-(2-azidoethoxy)phenyl)

propanoic acid (azide ligand), shown in Figure 2, have char-

acteristics similar to many commonly conjugated ligands

including size and functional groups. The results of this work

provide important information regarding questions of ade-

quate characterization and also provide valuable insight into

batch reproducibility challenges that several of these systems

face.

Distributions in Ligand�Nanoparticle Systems:
Present but Often Overlooked
Distributions of ligand�nanoparticle components result be-

cause the synthetic methods used to conjugate ligand

molecules to the particles are driven by random collision

and attachment events. The distributions detailed in this

Account are those that are generated when an excess of

attachment sites on the nanoparticle is present relative to

the molar amount of ligand molecules being conjugated.

Although the theory behind these reactions has long been

described,10 very little experimental information exists that

shows what these distributions look like in practice. Conse-

quently, in practice, the heterogeneity, width, and functional

impact of the distribution are grossly underestimated.

The lack of understanding of the actual distributions in

ligand�nanoparticle systems is in large part due to an

inability of analytical techniques to identify this form of

heterogeneity. Several of the most common techniques

are only capable of measuring the arithmetic mean number

of ligands per particle. These methods include nuclear

magnetic resonance (NMR) spectroscopy, ultraviolet�visible

(UV�vis) spectroscopy, Fourier transform infrared spectros-

copy (FTIR), and elemental analysis. While techniques such

as gel permeation chromatography (GPC), HPLC, matrix

assisted laser desorption ionization time-of-flightmass spec-

trometry (MALDI-TOFMS), capillary electrophoresis (CE), and

gel electrophoresis have the potential to resolve the distri-

bution of ligand�nanoparticle components, the frequent

outcome of these forms of characterization reveals no

information about the distribution of components. This

result is likely due to several factors including suboptimized

chromatographic conditions and/or the structural heteroge-

neity of the nanoparticle itself masking the distribution of

ligand�nanoparticle components.

A common chromatographic result is the elution of the

ligand�nanoparticle material in a single peak. In some

cases, the chromatographic conditions have actually been
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tuned to produce idealized single peaks rather thanmultiple

peaks corresponding to each of the different components in

the distribution (Figure 3). In our experience, this single peak

can lead to incorrect conclusions of homogeneous ligand�
nanoparticle distributions. If the ligand�nanoparticle sys-

tem is produced under the conditions described earlier, the

single peak physically cannot be composed of a single

ligand�nanoparticle component. The reality is that the

single peak masks the actual distribution.

We have generated our share of chromatographic single

peaks in our laboratory's research in dendrimer-based plat-

forms for targeted drug delivery. In one such example,6 GPC

chromatographs for PAMAMdendrimer conjugatedwith the

dye AlexaFluor488 and with varying amounts of the

targeting agent folic acid (means ranging from 0 to 15)

contained only a single peak for each sample. In the HPLC

elution traces for the same material, while two different

peaks were observed, this level of peak resolution does not

come close to identifying the actual components in the

material. In reality, each of these materials is composed of

hundreds of species with different numbers of dyemolecules

and folic acid molecules.

Even for the two model ligand�dendrimer systems that

can be successfully characterized by HPLC, all of the other

characterization techniques (GPC, MALDI-TOF MS and NMR)

have failed to identify the different components in the

material. Figure 4a shows GPC light scattering signals for

four of these ligand�dendrimer samples.11 The samples

had mean ligand/dendrimer ratios between 0.4 and 1.5

(measured by NMR). Although all four samples elute as

single peaks with similar peak shapes and retention times,

the material was shown to have significantly different dis-

tributions. Sample A with a mean of 0.4 ligands per dendri-

mer was composed of 4 components, while Sample D had a

mean of 1.5 ligands per dendrimer and was composed of 9

different ligand�dendrimer components. Similarly, charac-

terization of the four ligand�dendrimer samples by MALDI-

TOF MS (Figure 4b) provided no information about the

distribution of components. In this case, the polydispersity

in the dendrimer platform itself along with artifacts, such as

salt and matrix adducts, fragmentation and time-of-flight

artifacts, prevents resolution of the different ligand/dendri-

mer ratios.

Although the inadequate characterization exemplified in

Figure 4 is common for most ligand�nanoparticle systems,

several groups have successfully worked to characterize the

distributions. A number of these studies have provided

qualitative evidence of resolved ligand�nanoparticle�
nanoparticle distributions. The Alivisatos group has used

FIGURE 2. Structure of azide (a) and alkyne (b) ligands.

FIGURE 3. For many ligand�nanoparticle systems, chromatographic-
based characterization produces a single peak that fails to resolve the
actual distribution of components. This single peak frequently causes
the actual distribution of components to be significantly underesti-
mated. If, in the ligand�nanoparticle conjugation reaction, there is an
excess of attachment sites relative to the amount of ligand added the
distribution follows a Poisson distribution.

FIGURE 1. Poly(amidoamine) dendrimer. (a) Structure of a generation 1
(G1) PAMAM dendrimer. (Panel (a) reprinted in part with permission
from ref 30. Copyright 2008American Chemical Society.) (b) Space-filled
model of an amine-terminated generation 5 (G5) PAMAM dendrimer.
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both gel electrophoresis and anion exchange chromatogra-

phy to resolve the distribution of Au DNA�nanoparticle

components.12 Gel electrophoresis was also used by Sper-

ling et al. to resolve nanoparticles with different numbers of

PEG ligands.13 Because the resolution strategywas based on

the incremental change in size from added PEG ligands,

Sperling and co-workerswere able to resolve components in

both Au-PEG and CdSe/ZnS-PEG systems. A third technique,

UPLC, was used by Cason and colleagues to resolve different

components in generation 4 (G4) PAMAM dendrimer con-

jugated with biotin molecules.14 At least seven different

dendrimer�biotin components were resolved by this meth-

od. The same distribution was also resolved to a lesser

extent using HPLC. HPLC has also been used by Lo and

colleagues to resolve the ligand distribution in a PEG-con-

jugated triazine dendrimer system.15 Finally, in several

detailed studies by the Murray group, mass spectrometry

(MALDI and ESI-MS) was used to identify different

gold nanoparticle components with different numbers

of ligands.16

In addition to these qualitative studies, two studies have

successfully quantified the distribution of nanoparticle com-

ponents with different numbers of ligands. Working with

quantumdots conjugatedwith fluorescently taggedproteins

(ligand means of 8, 0.85, and 0.3 per particle), Casanova

et al. used stepwise photobleaching to quantify the number

of proteins bound to each nanoparticle and the ensemble

distribution.17 Pons and co-workers used single particle FRET

measurements to quantify the distribution of quantum

dot�protein components.18 They reported experimental

distributions consistent with Poisson distributions. Finally,

Hakem and colleagues used MALDI-TOF to study ligand

distributions in a PEG-conjugated enzyme system.19

These studies represent major progress in understanding

the material composition of ligand�nanoparticle systems.

At a minimum, they provide direct experimental evidence

from awide variety of ligand�nanoparticle systems that the

conditions used to synthesize ligand�nanoparticle conju-

gates produce highly heterogeneous mixtures of compo-

nents. These studies stand in marked contrast to analytical

results that only provided the mean ligand�nanoparticle

ratio and did not resolve the distribution. Motivated, in part,

by the above studies, we sought to develop a comprehen-

sive understanding of the actual distribution of components

in ligand�nanoparticle materials.

Quantification of Ligand�Nanoparticle Dis-
tributions Using Model Ligand�Dendrimer
Systems
As described in the Introduction, our work in this area has

been greatly facilitated by two small molecule ligands: the

alkyne and azide ligands. Thesemolecules are similar in size

to a wide number of functional ligands that have been

conjugated to nanoparticles including siRNA, fluorescent

tags, oligonucleotides, folic acid, peptides, therapeutic

agents, and other small molecules. Additionally, the cou-

pling chemistry employed to conjugate the alkyne and azide

ligands to the dendrimer, amide coupling via activated esters

formed by EDC or PyBOP, is a standard method for li-

gand�nanoparticle conjugation.20 Most importantly, reverse-

phase HPLC conditions have been developed to resolve the

FIGURE 4. Examples of ligand�nanoparticle distributions that fail to be
resolved using standard analytical techniques (GPC and MALDI-TOF).
Samples A�D are composed of a series of ligand�dendrimer conju-
gates. The mean numbers of ligands for each sample are 0.2, 0.6, 1.04,
and 1.47, respectively. HPLC analysis determined the number of
ligand�dendrimer components in each sample. (a) The GPC light
scattering data of the four samples produces only single peaks. The
different ligand�dendrimer distributions are indistinguishable by this
technique. (b) Similarly, MALDI-TOF characterization is unsuccessful at
resolving the different ligand�dendrimer components. One of the
challenges of this mass based technique is that the structural hetero-
geneity of the dendrimer alone masks the different ligand�dendrimer
components. (Reprinted with permission from ref 11. Copyright 2008
American Chemical Society.)
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distribution of components in samples of ligand�dendrimer

conjugates. We have leveraged this resolution to provide a

quantitative analysis of ligand�dendrimer conjugates with

mean ligand/particle ratios ranging from 0.4 to 13.

A representativeHPLC trace of one such ligand�dendrimer

conjugate can be found in Figure 5a. The dendrimer sample in

this figure had a mean of 2.7 ( 0.3 azide ligands per den-

drimer as calculated by combining information from1H NMR,

GPC, and potentiometric titration. Five different peaks (labeled

0�4) can be clearly seen in the trace with an additional tailing

region between 20 and 22 min. Peak 0, at approximately

18.8min, had thesameretention timeas theparentunmodified

dendrimer. The peaks with longer retention times as well as

the “tailing” region, beginning at 20 min, were found to

contain dendrimer particles with increasing numbers of con-

jugated ligands. A peak fitting method, using multiple copies

of a fitting peak, shown in Figure 5b in green,made it possible

to deconstruct the entire HPLC trace, including the tailing

region, and quantify the relative amount of each ligand�
dendrimer component. The shape of the fitting peak was

developed based on the peak shape for the unmodified

dendrimer. The distribution of ligand�dendrimer compo-

nents, quantified by the peak fitting analysis, is plotted in

Figure 5c. With this analysis, the arithmetic mean ligand/

dendrimer ratio was determined to be 2.8 ( 0.1, which is

identical (within experimental error) to the arithmetic mean

determined by the combined NMR, GPC, and potentiometric

titration analysis (2.7 ( 0.3). With the entire distribution

quantified, additional parameters such as the median (2), the

mode (1), and the number of components in the distribution

(12) were obtained.

In two initial studies,11,21 distributions were quantified for

samples produced using 100% amine terminated PAMAM

dendrimer (G5-(NH2)112) and samples produced with partially

acetylated dendrimer (G5-Ac80-(NH2)34). The partial acetylation

of the dendrimer prior to the conjugation of biologically active

ligands has been a key design approach to prevent nonspecific

interactions between biological systems and the final device.

Quantifieddistributions for someof these ligand�dendrimer

conjugates are shown in Figure 6, grouped in three different

ranges of ligandmeans: 0.4�1.1, 2.7�6.8, and10.2�12.9. The

combined results from these two studies lead to two important

observations. First, the distributions of components in these

samples are very heterogeneous. The sample with a mean of

1.1 ligands (Figure 6c), for example, is composed of six different

components with the mode, a dendrimer with 0 ligands,

comprising over 45% of the entire material. Note that if this

ligandwerebiologicallyactiveandbeingused inadrugdelivery

system, almost half of thematerial would not have the desired

conjugate. This is a significant amount of inactive material,

whichwill havenopositivebenefit, to inject intoapatient. In the

samplewitha ligandmeanof12.9 (Figure6a), thedistribution is

madeupof27different components.No individual component

comprises more than 9% of the total material. Comparisons of

each sample against the Poissonian distribution with the same

ligandmean revealed thedistribution tobe skewedand slightly

more heterogeneous than the theoretically expected result.

Specifically, in all samples, the components at both extremes of

the distribution were present in larger quantities than in the

Poisson distribution, and the components close to the mean

werepresent in slightly smallerquantities. Theseexperimentally

quantified distributions are also significantly more heteroge-

neous than a narrow Gaussian distribution with a standard

deviation of 1 or 2.

The second key observation is that pre-existing distribu-

tions increase the heterogeneity of subsequent ligand

FIGURE 5. Peak fitting analysis deconstructs the HPLC trace of a ligand�dendrimer sample to provide the quantified distribution of ligand�dendrimer
components. (a) The HPLC trace at 210 nm for a ligand�dendrimer sample with a mean of 2.7 alkyne ligands per dendrimer is shown in red. Peak 0
had the same retention time as the unmodified parent dendrimer. (b) Peak fitting analysis deconstructs the HPLC trace to provide the relative concen-
tration of each ligand�dendrimer component. HPLC data is shown in red dots and the multiple copies of the fitting peak are shown in green. The
shape of the fitting peak is based on the HPLC peak shape for the unmodified parent dendrimer. The summation of the fitting peaks is in blue.
(c) Relative amount of each ligand�dendrimer component in the distribution.
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distributions. This observation was made by comparing

distributions in ligand�dendrimer material made with the

G5-(NH2)112 dendrimer with the distributions in the material

made with the partially acetylated dendrimer. Increased

skewing from the Poisson distribution was observed for

the partially acetylated material. Because the acetic

anhydride is itself a very small ligand in the partial acetyla-

tion reaction and because an excess of modification sites on

the dendrimer (primary amines) is present relative to the

amount of acetic anhydride added, the reaction results in a

distribution of dendrimer with different numbers of acetyl

groups. In the subsequent alkyne ligand conjugation, the

pre-existing distribution of acetyl groups per dendrimer

increases the heterogeneity of the alkyne ligand distribu-

tion. In addition, dendrimers with larger numbers of acetyl

groups, and few amines available for conjugation, are more

likely to suffer from site blocking effects which also induce

variation from the simple Poisson distribution. This observa-

tion is very important because one of the advantages of

using nanoparticles as platforms is that multiple copies of

several different functional ligands can be conjugated to the

same particle to obtain synergistic properties. In our own

work, we frequently combine multiple copies of a targeting

agent, a therapeutic agent, andadyeor imaging agent to the

same dendrimer. With each conjugation step, however, the

pre-existing distribution becomes increasingly heteroge-

neous. Additionally, simply changing the sequence in which

different ligands are added to the nanoparticle could change

the final material.

In a third study, the effect of the mass transport quality

during the partial acetylation reaction on subsequent ligand�
dendrimer distributions was investigated.22 This study was

motivated by an observation in our laboratory that ligand�
dendrimer distribution profiles had a dependence on the

batch of partially acetylated dendrimer. These different

batches were produced under supposedly the same experi-

mental conditions and yet they introduced a high level of

variability into the system. Figure 7 displays the distribution

analysis of two different ligand�dendrimer samples. Both

samples had identical mean ligand/dendrimer ratios (6.6 (
0.7and6.8(0.7). Theparentpartially acetylateddendrimer for

each samplewas produced under different reaction conditions.

For the ligand�dendrimer sample in panels (a) and (c), the

parent batch of partially acetylated dendrimer was produced

with optimal mass transport conditions (dilution of acetic

anhydride, rate of addition, and mixing efficiency). The parent

dendrimer for the ligand�dendrimer sample in panels (b) and

(d) was produced with suboptimal mass transport conditions.

Two dramatically different distribution profiles result as a direct

consequence of the changes in mass transport. These differ-

ences were extreme versions of the variability observed across

batches of materials that were intended to have the same

reaction conditions. Alarmingly, the characterization methods

used to assess both the batches of partially acetylated

FIGURE 6. Quantified ligand�dendrimer distributions for samples with
ligand means ranging from 0.4 to 12.9. Samples were prepared using
either a partially acetylated dendrimer (G5-Ac80-(NH2)34) or a 100%
amine terminated dendrimer (G5-(NH2)112). (a) Ligand�dendrimer dis-
tributions for samples with mean ligand/dendrimer ratios of 10.2 and
12.9. (b) Distributions for samples with mean ligand/dendrimer ratios
between2.7 and6.8. (c) Distributions for ligand�dendrimer sampleswith
mean ligand/dendrimer ratios ranging from 0.4 to 1.1. (Reprinted with
permission from ref 21. Copyright 2010 American Chemical Society.)
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dendrimer, HPLC andNMR, aswell as theNMRcharacterization

of the ligand�dendrimer samples found no differences be-

tween the materials. These difficulties in synthesis associated

with poor mass transport would be expected to become

exacerbated when attempting to scale up such a process and

may have contributed to the failure of this material to be

successfully produced for phase I clinical trials.23

The Inadequacies of the Arithmetic Mean
The combined knowledge gained from these three

studies11,21,22 has provided critical insight into the heteroge-

neous distributions that are present in ligand�nanoparticle

systems. Perhaps oneof themost important lessons from these

studies is that efforts to characterize these nanomaterials that

only determine the mean nanoparticle/ligand ratio are wholly

insufficient. The mean value alone provides no information

about the number of different components in the material or

the relative amount of each component in the distribution.

For a simple approximation, a Poisson distribution could be

considered in the casewhere only themean number of ligands

is known. This form of distribution, however, is the “best case”

distribution in terms of material homogeneity and is only

accurate for particles containing many potential reaction sites

as compared to the total number ligands conjugated. All of our

experimental data has found the actual distributions in these

materials to be more heterogeneous than Poisson. This arises

from at least two factors including site-blocking effects and

autocatalysis. The mean is also not capable of telling if the

material is being produced consistently. The possibility that two

samples can have the same mean number of ligands and yet

have completely different distributions should no longer be

considered unlikely. Finally, attempting to investigate compo-

sition�property relationshipsusing themeannumberof ligands

as the representative material parameter is inadequate. In

systems that conjugate multiple different ligand molecules to

the nanoparticle, the component that has the same number of

ligands as themean number is likely tomake up nomore than

4%of thematerial.21 Figure 8, showing themultiplicative effect

FIGURE7. Quantifieddistributionsof two ligand�dendrimer conjugateswithmean ligand/dendrimer ratiosof6.6(0.7 (aand c) and6.8(0.7 (bandd).
Although the samples have the same arithmetic means, they have dramatically different distributions of ligand�dendrimer components. The
dendrimer samples were produced using two different batches of partially acetylated dendrimer, and the differences in ligand�dendrimer
distributionswere found to be caused bydifferences in dendrimer�acetyl group distributions in the parent partially acetylated dendrimer batches. For
the sample in panels (a) and (c), the parent partially acetylated dendrimer was produced under effective mass transport conditions. The parent
dendrimer for the sample in panels (b) and (d) was produced with ineffective mass transport during the partial acetylation reaction. Residuals are
�10�6. (Reprinted with permission from ref 22. Copyright 2010 American Chemical Society.)
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of twoPoissondistributions, illustrates thewidevarietyofspecies

present when two different ligands are attached to the same

particle. Note that the implications of this are quite severe if one

of the ligands is a targetingmolecule and the other is a drug or a

imaging agent. Many particles with a large number of targeting

molecules will have little to no drug or imaging agent and

particleswith a large number of drugor imaging agentwill have

little tonotargetingagent.Bothof thesecasesmakethematerial

ineffective at best, adding toxicity with no benefit at worst, and

can be misleading when interpreted as an imaging agent.

Challenges for Reproducible Synthesis
In providing this Account, it is not our intention to contend

that distributions in ligand�nanoparticle materials are a

fatal flaw. Certainly, there are many examples of materials

that have been composed of heterogeneous mixtures of

components and yet have made important societal and

industrial impacts. The entire field of polymers, for example,

has confronted this challenge for more than a century. From

a commercial translation perspective, however, ligand�
nanoparticle distributions are major challenge to reproduci-

bility. This is mainly because controls have not been incor-

porated to ensure that the distribution is reproduced in each

manufactured batch. As described above, batches of materi-

al with consistent ligand means can have very different

distributions. These can be caused by small changes in the

starting material, mass transport conditions, and reaction

kinetics. These changes, however, will almost certainly not

be detected by the standard levels of characterization being

used by the field. There remains a great deal of progress to

bemade in order to identify the tolerable levels of variability

in these materials as well as ways to implement control. It is

likely that these distribution tolerances will be very applica-

tion and material specific.

To address these challenges, major improvements will

need to be made in the ability to generate and characterize

ligand�nanoparticle distributions that are consistent across

multiple batches. For dendrimer-based systems, the azide

and alkyne ligand can be used during process development

and scale-up to ensure distribution reproducibility. The azide

and alkyne ligands can be temporarily substituted for func-

tional ligands when the actual ligand�nanoparticle distribu-

tion cannot be directly resolved. These two model ligand

systems can be used to test the effectiveness of the reaction

conditions (mixing, temperature, reagent addition rate, etc.)

as well as to monitor the distribution dependence on varia-

tions in the starting dendrimer material (number of end

groups, amount of trailing generations, and dimer).

If future synthetic strategies to produce functional

dendrimer-based platforms continue to employ stochastic

conditions, our results indicate that distributions can bemore

reproducible and homogeneous if the partial acetylation step

is eliminated and functional ligands are instead conjugated

directly to the 100% amine terminated dendrimer. Not only

does this approach bypass the poor control present in the

partial acetylation reaction, it also may make functional

ligand distributions less sensitive to varying amounts of

dendrimer defect structures in different commercial lots.

New Platform Designs
In order to address the challenges inherent in systems with

heterogeneous distributions of functional components, sev-

eral groups have worked to design ligand�nanoparticle

systems with improved distribution control. These systems

FIGURE 8. Illustration of (a) Poisson distributions for a particle contain-
ing 32 reactive surface sites and averages of 4 and 5 conjugated ligands;
(b) the distribution on a single dendrimer containing 32 reactive surface
sites resulting from the product of the averages of 4 and 5 ligands per
dendrimer. (Reprinted with permission from ref 21. Copyright 2010
American Chemical Society.)
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include PAMAM dendrons,24 dendrimer with single ortho-

gonal modification sites,25,26 and gold nanoparticles with

precise numbers of ligands.12,13,27,28

Most recently, our laboratory has focused on developing

PAMAM dendrimer with precise numbers of “click” modifi-

able ligands.29 Using semipreparative HPLC, we have been

successful in isolating 9 different ligand�dendrimer compo-

nents with 0�8 ligands from a ligand�dendrimer distribu-

tion. Analytical HPLC characterization of these “Precision

Dendrimer” can be found in Figure 9. Using peak fitting,

the degree of purity for each of these components was

found to be 80% or greater, representing an order of

magnitude increase in purity.

The dendrimer with precise numbers of azide ligands,

described in Figure 9, offers a truly exciting number of new

opportunities. This material can be used as a tool kit to

investigate the activity of different functional ligand�
dendrimer components. To accomplish this, the functional

ligands of interest will need to be modified with a terminal

alkyne group and then coupled, using “click” chemistry, to

the dendrimer with precise numbers of azide ligands

(Figure 10). In this coupling reaction, an excess of alkyne-

modified functional ligands can be added relative to the

number of azide ligands in order to produce nonstochastic

conditions and ensure that all azide ligands are modified.

From an engineering design perspective, this information

will be valuable for identifying the most active ligand�
dendrimer components as well as establishing the tolerable

variations in distributions between batches of material

that still maintain the same properties. With the most

FIGURE 9. Dendrimer with precise numbers of ligands isolated from a distribution of ligand�dendrimer components. A total of nine different
Precision Dendrimers were successfully isolated. (a) Analytical HPLC characterization of the Precision Dendrimer taken at the isolated concentration.
(b) Normalized analytical HPLC traces for the nine different Precision Dendrimers. Blue lines show the relationship between the isolatedmaterial and
the distribution of ligand�dendrimer components. (c) Peak fitting found the degree of purity for each isolated dendrimer component to be 80% or
greater. Residuals are �10�6. (Reprinted with permission from ref 29. Copyright 2010 Wiley-VCH.)
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active components identified, this material should also be

considered for use as an actual product (a therapeutic in the

case of a drug delivery application).

The major feature of this material is reproducibility of

properties and activity (and quite possibly, dramatically

increased efficacy). Due to the highly reproducible separa-

tion of the ligand�dendrimer components on the HPLC

column, dendrimer with precise numbers of alkyne or azide

ligands can be obtained with great consistency. This is a

major advantage of this approach because column-loading

limitations can be overcome by isolating material over

multiple runs. Second, the Precision Dendrimers have great

potential to be a versatile platform that can bemodified by a

wide range of functional molecules via the click reaction to

obtain dendrimer with precise numbers of functional mole-

cules. As such, this approach has great potential to solve at

least one major existing need in the field of targeted drug

delivery. Although the current isolation method that pro-

duces the material is inefficient (specific components are

isolated from a stochastic distribution), this drawback may

be outweighed by its benefits, and furthermore, a number of

strategies currently exist in the literature that could be

leveraged to improve the conservation of material.

Conclusion
In conclusion, ligand�nanoparticle materials are composed

of heterogeneous distributions that are widely unappre-

ciated. Where possible, the present reliance on the mean

number of ligands per dendrimer should be replaced with a

full characterization of the entire distribution of ligand/

particle ratios. Furthermore, without the introduction of

sufficient controls in platform designs, distributions are a

major obstacle to successful translation of ligand�
nanoparticle systems.
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