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ABSTRACT: Characterization of materials with biological applica-
tions and assessment of physiological effects of therapeutic
interventions are critical for translating research to the clinic and
preventing adverse reactions. Analytical techniques typically used to
characterize targeted nanomaterials and tissues rely on bulk measure-
ment. Therefore, the resulting data represent an average structure of
the sample, masking stochastic (randomly generated) distributions that
are commonly present. In this Perspective, we examine almost 20 years
of work our group has done in different fields to characterize and
control distributions. We discuss the analytical techniques and
statistical methods we use and illustrate how we leverage them in
tandem with other bulk techniques. We also discuss the challenges and
time investment associated with taking such a detailed view of
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distributions as well as the risks of not fully appreciating the extent of heterogeneity present in many systems. Through three case
studies showcasing our research on conjugated polymers for drug delivery, collagen in bone, and endogenous protein
nanoparticles, we discuss how identification and characterization of distributions, i.e., a molecular view of the system, was critical
for understanding the observed biological effects. In all three cases, data would have been misinterpreted and insights missed if
we had only relied upon spatially averaged data. Finally, we discuss how new techniques are starting to bridge the gap between
bulk and molecular level analysis, bringing more opportunity and capacity to the research community to address the challenges of
distributions and their roles in biology, chemistry, and the translation of science and engineering to societal challenges.

B INTRODUCTION

Characterization of Nanomaterials and Nanostruc-
tures in Biology. In this Perspective, we consider nearly 20
years of effort in our group to characterize stochastic (randomly
occurring) distributions arising from molecular level chemistry in
a variety of synthetic and natural systems. As a research team
composed primarily of chemists, engineers, and physicists with
highly integrated medical collaborators and mentors, our group
brings distinct perspectives and expertise to characterizing
biological materials. Generally, the extent of heterogeneity and
the role material distributions play has not been fully appreciated.
Here, we present three case studies in the arenas of targeted drug
delivery and tissue analysis illustrating the importance of a
molecular view of biomaterials and the specific contributions of
our research to these fields. Specifically, we highlight examples of
how detailed characterizations, and sometimes intentional
removal, of distributions have proven critical to understanding
biological behavior.

Analytical Techniques for Nanoscale Characterization.
Most analytical techniques used to characterize nanoscale
materials and nanostructures rely on bulk measurement. That
is, they average over a much larger length scale than the
constitutive molecules or nanomaterials. The resulting data
represent an average molecular and/or nanoscale structure of the
sample. For example, conventional spectroscopic techniques
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(e.g, NMR, IR, UV—vis), X-ray diffraction (XRD), and dynamic
light scattering (DLS) contain information regarding the
distribution of the sample with line-widths that are not simply
interpreted and are often convolved with other physical
properties. The bulk characterization masks stochastic distribu-
tions present within the biological nanomaterials. If a new
targeted nanoscale therapy comprises a stochastic distribution, it
is difficult, if not impossible, to know which species produced the
observed physiological effect. In biological tissues, e.g., bone and
skin, most characterization techniques hide natural heterogeneity
or mask localized changes to micro- and nanostructure as a result
of disease or therapeutic intervention because the analysis
averages over micrometers to millimeters or even greater sample
dimensions. Precise characterization of nanoscale materials and
anatomical changes is critical to developing safe and targeted
therapies as well as understanding their physiological effects.'
Molecular level characterization of samples and elucidation of
structure are a challenging problem. In the research presented
here, we primarily took advantage of two techniques to
characterize and/or control distributions: reverse-phase high
performance liquid chromatography (rp-HPLC) and atomic
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force microscopy (AFM). We complemented these methods
with other bulk techniques, notably NMR and fluorescence
spectroscopy, mass spectrometry, DLS, confocal microscopy,
and fluorescence lifetime imaging microscopy (FLIM). We
demonstrated that rp-HPLC can be used to separate trailing and
branching defects in poly(amidoamine) (PAMAM) den-
drimers”™> and separate species with different numbers of
hydrophobic ligands (dyes, drugs, targeting agents) attached to
the hydrophilic backbone.®”'" AFM allowed for direct,
representative imaging of samples and surfaces with nanometer
precision in the x and y directions and subnanometer precision
vertically." ~*' Importantly, AFM is a topographic technique,
measuring the volume of imaged features along with surface
morphology and material properties. Hierarchical features from
the nanometer to micron scale can be characterized, and no
staining is required for contrast.> The large number of
individually characterized nanostructures in each AFM image
enables robust statistical analysis.

Researchers also turn to XRD because it can provide high
resolution (subangstrom) information with structural informa-
tion down to the molecular level. However, these values are
calculated from combined measurements of a large sample set of
molecules throughout the bulk material: micrometers to
millimeters in the crystal. Crystal structures obtained by XRD
represent a spatial average and tend to treat molecular differences
as “disorder,” masking heterogeneity in the sample. Conversely,
AFM typically produces images with slightly lower resolution but
provides particle-by-particle measurements. This molecular level
analysis is critical for assessing distributions in biological
materials and relating changes in distributions to activity.

In our research, we use molecular level and bulk techniques
together to build greater scientific understanding. We take
advantage of image processing software—particle counting,
alignment mapping, and so forth—to process large data sets
with thousands of structures. We also use conventional cellular
biology techniques such as confocal microscopy and flow
cytometry to probe the biological implications of distributions.
In sum, we make the case here for the investment in a molecular
level analysis of biological materials and the importance of
understanding the interplay between structural variation and
function.

Three Cases for a Molecular View in Biological Materials. In
the rest of this Perspective, we present three broad research
studies illustrating the role distributions play in assessing
biological materials and outcomes. The first section focuses on
multivalent polymers as drug delivery vectors, specifically the
challenges associated with heterogeneity resulting from
sequential stochastic conjugations. The second section discusses
inherent heterogeneity in tissue and changes to the hierarchical
structure of collagen as functions of disease and drug treatment.
In the third section, we return to drug delivery and combine our
analyses of distributions in artificial and natural materials. We
highlight our latest research on serum proteins and the role they
play in trafficking and bioidentity of their ligands. Analyses of
distributions of serum protein nanoparticles (aggregated
protein) as functions of concentration and ligand identity
yielded novel hypotheses on the relationship between protein
aggregation and activity. This was particularly important for
understanding the role of serum proteins in the trafficking of the
multivalent polymers discussed in the first section. We emphasize
how the success of this work depended on applying lessons on
conjugation heterogeneity and collagen characterization from
the first two research cases. We translated our understanding of

1470

material distributions derived from laboratory synthesis
processes and inherently present in natural materials as well as
our expertise in AFM and image analysis to exploring the
relationship among structure, function, and activity in protein
nanoparticles. In all three cases, we demonstrate how key insights
and conclusions would have been missed if we had only used
techniques that measure over larger scales than the molecules or
nanostructures in the biological materials.

Distributions in Targeted Nanoparticles. History and
Motivation. Over almost 20 years, our group and close
collaborators have invested substantial research effort toward
developing targeted therapeutics on a generation S (GS)
PAMAM dendrimer scaffold.°"**7* In the mid-2000s, our
colleagues developed a targeted dendrimer cancer therapeutic
that demonstrated significant toxicity to tumor cells in vitro.™
The targeted dendrimer was cleared for Phase I clinical trials.
However, sufficient quantities for a clinical trial (kilograms)
could not be manufactured consistently, and the trial never
moved forward. Much of our work since that time has been
aimed at trying to understand the challenges in scientific
understanding, material processing and scale-up, and clinical
translation that arise when a small number of ligands is
conjugated to a comparatively large number of attachment
sites.” '" Note that G5 PAMAM has a theoretical 128
attachment sites (purified GS PAMAM monomer, discussed
below, has an average of 93 attachment sites)."

In general, nanomaterials (particles, polymers, metals,
micelles, etc.) have been a popular focus of research in
biomedical applications, including targeted therapy, imaging,
and diagnostics.” The ability to attach multiple copies of ligands
allows for enhanced multivalent targeting and increased drug
payloads. The size of the materials enables them to escape renal
filtration and facilitates longer blood circulation times, increasing
the chances they will reach the target tissues (GS PAMAM is ~S
nm in diameter). The enhanced permeability and retention
(EPR) effect in leaky tumor vasculature is widely believed to
contribute to increased therapeutic efficacy.’®”” These attractive
advantages have continued to make multivalent nanomaterials a
popular area of biomedical research,”®*>%~°

Heterogeneity in Conjugated Nanomaterials. Translation
to the clinic of targeted multivalent nanomaterials has been
difficult. Targeted nanomaterials that perform well in vitro often
cannot be formulated on large scales or exhibit unexpected side
effects and toxicity when tested in vivo. We postulate that many
of these adverse effects arise from highly heterogeneous mixtures
resulting from multiple ligand conjugations.'® Here, we provide
brief context to highlight the scope of the challenge in creating
homogeneous conjugated nanomaterials, but a full accounting of
these synthetic and characterization efforts is not the focus of this
Perspective. Our group has already published extensively on this
work, as well as our research on characterizing, controlling,
eliminat ng heterogeneous distributions, in this journal "
others.>” !> Here, we highlight a case in which we
demonstrated in vitro the importance of explicit consideration
of distributions in biological nanomaterials.”

The arithmetic mean is the most commonly used parameter
for characterizing the number of (functional) ligands on a
nanomaterial. Usually, this value is determined by bulk
characterization such as NMR spectroscopy or gel permeation
chromatography (GPC). The mean value fails to convey that the
sample actually contains material with a distribution in the
number of conjugated ligands. The conjugate distribution is
binomial if the attachment of ligands is identical and independent
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of previous binding events. If the mean number of conjugated
ligands is small (e.g., three drugs or four targeting agents) and the
ratio of reacted sites to total initial number of sites is low
compared to the number of attachment sites (e.g, 128 in a GS
PAMAM dendrimer), the distribution is Poissonian as opposed
to Gaussian.’>*® Characterization of nanomaterials subjected to
sequential conjugations (e.g., a targeting agent and then a drug)
is more complicated still because the distributions are multi-
plicative.”>"

Consider a PAMAM dendrimer conjugate with a mean of four
targeting folic acid (FA) and five therapeutic methotrexate
(MTX). Figure la shows the distribution of species if only four
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Figure 1. (a) Poisson distributions of stochastic mixtures of dendrimers
with an average of four or five ligands. (b) Distribution of species
resulting from sequential conjugation of averages of four then five
ligands. The chart represents the product of the two distributions. The
black bar indicates the nominal material with four FA and five MTX.

FA or five MTX were conjugated to the dendrimer. Figure 1b
demonstrates the multiplicative effect of combining two Poisson
distributions resulting from stochastic reaction conditions. At
most, 3—4% of the doubly conjugated sample material contains
four FA and five MTX ligands. This does not take into account
differences in reactivity between the ligands, site-blocking eftects
with increasing number of ligands conjugated, or autocatalysis of
the conjugation process. All these factors can increase the
heterogeneity of the system and further decrease the
concentration of the mean material. In many cases, the nominal
“average” material may comprise less than one percent of the
sample. As a result, it is difficult, if not impossible, to accurately
assess the nanomaterial’s properties and activity, which are
particularly important in biological applications. If these samples
are tested for their therapeutic properties in vitro or in vivo, one
or many of the species present may contribute to the observed
effects. Sample heterogeneity greatly complicates research on the
mechanisms of action and side effects, as well as efforts to
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reproduce results and translate multivalent nanomaterials to the
clinic.

Heterogeneity in the scaffold itself is another factor to be
considered. Our group has invested significant effort in
characterizing and removing trailing generations and branching
defects from commercial G5 PAMAM (Figure 2a)."> Our
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Figure 2. Ultraperformance liquid chromatography (UPLC) chromato-
grams at 210 nm. (a) As-received GS dendrimer indicates the presence
of trailing generation impurities as well as aggregation defects. (b) As-
received acetylated GS PAMAM (GS-Ac, red trace) contains high
weight impurities with no ligand that coelute with G5 monomers
containing one ligand (GS-L1, green trace) in a conjugated sample
(black trace). (c) Conjugation to an rp-HPLC-purified GS monomer
sample (red trace) has narrowed peak width and improved peak
resolution compared to those of the as-received conjugation (black
trace). Adapted and reprinted from ref 4. Copyright 2013, with
permission from Elsevier.

standard operating procedure is to purify commercially
purchased G5 PAMAM to GS monomer before using it in
conjugation reactions. If we do not take this extra step, shifts
induced on the rp-HPLC column by each hydrophobic ligand
will not be larger than the peak width of the mass distribution of
the dendrimer (Figure 2b,c and Figure 3).%>1% Even with G5
PAMAM monomer, techniques such as MALDI-TOF-MS are of
limited use because the mass shift is much narrower than the
dendrimer mass distribution itself, and the shot noise in the mass
spectrometry measurement is approximately the same as the
ligand mass.

This brief background on nanomaterial—ligand distributions
illustrates the scope of the challenge in designing targeted
therapeutics exclusive to issues such as toxicity and biodegrad-
ability. In this context, the next subsection discusses work from
our group in which we demonstrated that the number of ligands
determined outcome in vitro, highlighting the critical need for
appreciation and consideration of heterogeneous distributions.

Cellular Uptake and Fluorescence Change with Dye—
Dendrimer Ratio (Highlighting Results from Ref 9). This study
was designed to examine the differences in activity between
dendrimers with precise numbers of dyes and stochastic mixtures
of material. In particular, we wanted to assess the implications of
using fluorescence to probe cellular uptake and localization.
Understanding the interaction between the dendrimer and dye
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Figure 3. HPLC chromatogram of an average conjugate overlaid with
the predicted distribution for an average of two ligands per particle.
Reproduced with permission from ref 10. Copyright 2014, American
Chemical Society.

and their response to cellular uptake is critical because the
dendrimers are used as vectors for oligonucleotides, antibacterial
agents, and drugs.*>****75° Fluorescent dyes are often attached
to assess uptake and examine localization within cells.””

We prepared three categories of G5 PAMAM dendrimers
conjugated to TAMRA dyes: (1) dendrimers with precisely one
to four dyes attached, (2) dendrimers with five or more dyes
attached, and (3) dendrimers containing a Poisson distribution
of dye with an arithmetic mean of 1.5 (Scheme 1). This last
material consisted of a mixture of dendrimers with 0, 1, 2, 3, 4,
and 5 dyes at 22, 34, 25, 13, 5, and 1%, respectively. The solution
fluorescence properties (intensity and lifetime) of the free dye
and each of the six conjugates were examined in aqueous
solutions and biologically relevant control solutions (e.g., cell
lysate, with albumin, and in blood serum). We demonstrated that
intensity increased and fluorescence lifetime decreased with
increasing numbers of dyes (n), but these relationships were not
linear. Confocal microscopy experiments showed that cellular
uptake of the conjugates varied as a function of n. It was necessary
to apply correction factors determined from the solution
experiments to accurately quantify the extent of uptake. The
raw mean fluorescence intensities suggested that uptake
decreased with n > 2. However, once the corrections were
applied, the data showed that cells took up more dendrimers with
n > 2 than n = 1 material, the opposite trend of what the raw data
indicated. The in vitro fluorescence properties of the stochastic
material (n = I.Savg) are more complicated. Biodistribution can
be affected by hydrophobicity, and material with different
numbers of ligands can be “separated,” or fractionated, through
interactions with biomolecules.”®™" Accurate determination of
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uptake would require knowing the number of conjugated dyes
per dendrimer (or hydrophobic ligands per polymer more
generally), the fluorescent properties of the conjugates, and
which species are preferentially taken up. Application of the
corrections showed that the mean fluorescence data for the
stochastic mixtures had errors of at least 3- to S-fold. Relative
brightness in confocal microscopy fluorescence images cannot be
relied upon to interpret cellular uptake without knowledge of the
number of dyes per dendrimer. Caution is necessary when
quantifying uptake of stochastic mixtures using mean fluo-
rescence data.

FLIM experiments further emphasize this point. FLIM
measurements are generally insensitive to changes in intensity
but do depend on environmental conditions such as pH, ion
concentration, and interactions with biomolecules.®> We
postulated that changes in lifetime due to microenvironment
would allow for investigation of internal cellular structures and
would be small compared to differences in lifetime resulting from
variation in the dye-to-dendrimer ratio. We measured
fluorescence lifetime both in cells (Figure 4a—h) and in
biologically relevant control environments. In both cases, we
found that changes in lifetime were of similar magnitude whether
the dye ratio or the environment was held constant. The n = 1
and n = 5+ dendrimers had the longest lifetimes in cells, a
phenomenon that was duplicated in control solutions (Figure
4k). Surprisingly, the n = 1.5,,; mixture had the lowest lifetime
and did not show any of the high lifetime components observed
in the other high lifetime materials even though 34% of the
stochastic mixture comprised the n = 1 dendrimer. These data
show that lifetime alone cannot be used to interpret biological
microenvironments if the precise number of dyes per dendrimer
is not known, a situation made even more complicated if the
sample has been biologically fractionated.

Overall, these results illustrate the complications associated
with testing stochastic mixtures of conjugated polymers for
targeted therapy or for probing intracellular structure. The
fluorescence properties alone obtained from stochastic mixtures
are not reliable measures of uptake or localization in a cell.
Differences in the distribution from batch to batch may also
change observed outcomes. Appreciation of the challenges
imposed by stochastic mixtures is critical for developing new
therapies, understanding their biological effects and mechanisms
of action, and facilitating their translation into the clinic.

Distributions in Collagen Structure. In the first case study,
we discussed distributions in artificial materials (multivalent
polymer conjugates) generated for biological applications. This
second case illustrates the inherent nature of material
distribution in tissue, specifically collagen in bone. Our
knowledge of statistical methods for studying distributions
from our work on multivalent polymer conjugates translated to
our research on tissue, but we also developed new methods for
characterizing distributions of natural nano- and microstructures
imaged by AFM.

Type I collagen is the most abundant protein in the body, and
therefore, detailed understanding of collagen structure is critical
for assessing the effectiveness and impact of a wide variety of
diseases and treatments.”*~®” Our group has studied naturally
occurring distributions over multiple levels of the hierarchical
nature of collagen (Figure S). The work presented here
summarizes our efforts to characterize distributions of repeating
nanoscale features resulting from the packing of collagen
molecules and microstructure and alignment of collagen fibers.
We explore the relationship between changes to collagen nano-
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Scheme 1. Synthesis, Isolation, and Characterization of G5-NH2-TAMRAn (n =0, 1, 2, 3, 4, 5+, 1.5 avg) Samples: (a) Stochastic
Conjugation of TAMRA to G5 PAMAM Dendrimer, (b) Isolation of G5-NH2-TAMRAn Employing Semipreparative rp-HPLC,
and (c) Reinjection of Combined Fractions on Analytical rp-UPLC to Determine Purity”

a) K
H
/Njy
(NHy) (W)
793 ?'93-n
b)
1.0
=)
<
0.5 =
0.0

1" 17

15

16 18 19

20

c)

G5-T,,

G5-T,

G5T;

GS5-T,

GS5-T,

G5-T,

Gs-Tl Savg

21 22

o

7 9

Reproduced with permission from ref 9. Copyright 2015, American Chemical Society. “n = 1.5 avg (black), 0 (red), 1 (orange), 2 (yellow), 3

(green), 4 (blue), and S+ (purple).

and microstructure as functions of bone type, disease
(osteoporosis induced by estrogen depletion), and treatment.
We emphasize how macroscopic analysis methods fail to detect
changes in collagen architecture that contribute to the inherent
heterogeneity in collagenous tissue.

A Brief Introduction to Collagen. Type I collagen forms the
structural scaffold bones, dentin, skin, and tendon.”>~%" As
illustrated in Figure 5, Type I collagen assembles into hierarchical
structures, forming microfibrils, fibrils, fibers or bundles, and
tissues.'*~'”%°"7® Various models have been proposed for fibril
assembly and the origin of D-spacing. In 1963, the Hodge
Petruska model depicted the collagen molecules parallel to each
other but staggered, resulting in a repeating gap/overlap pattern
that gave rise to the single 67 nm D-spacing value.”® According to
the Orgel model for fibril assembly, five microfibrils (each
composed of three collagen molecules twisted in an a-helix) are
packed quasi-hexagonally in the equatorial plane and super-
twisted axially.*” This is a 3D model for fibril assembly based on
XRD studies. Both the Hodge Petruska and Orgel models require
a single value for the D-spacing of type I collagen, which is
commonly reported as 67 nm calculated from XRD, EM, or
computational models of the collagen molecule. Each of these
techniques provides an average representation of the structure.

Conversely, our group has focused on a fibril-by-fibril
approach to collagen analysis. Using AFM, we acquired images
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across heterogeneous tissue surfaces (bone, skin, tendon, and tail
from sheep, rats, rabbits, and monkeys) to obtain representative
data sets containing thousands of fibrils."* ™’ We then quantified
the D-spacing on a fibril-by-fibril basis using two-dimensional fast
Fourier transform (2D FFT) analysis. The inclusion of
thousands of fibrils allowed for statistically robust analyses. We
have demonstrated non-Gaussian distributions in collagen
nanomorphology with D-spacing measured from 59 to 75
nm.">"*° We found that, in general, there is very little variation in
D-spacings within bundles (groups of aligned fibrils) but large
variations between bundles.'® Existing models of collagen
structure cannot explain these D-spacing distributions, but a
recent study documented changes in collagen structure at all
levels of hierarchy, including D-spacing, as a function of disease.®”
Nevertheless, the formation and assembly of collagen fibrils affect
the properties of the tissue. Research is still ongoing to
understanding the physiological processes, mechanical stresses,
and diseases that affect the distributions of D-spacings.

Fibril-by-Fibril and Multimicrometer Approaches (High-
lighting Results from Refs 20 and 21). In more recent work, we
have developed methods for hand-coding the alignment of
collagen fibrils (Figure 6).”° We documented surface hetero-
geneity and changes in collagen microstructure that would not be
reflected in average values incorporating measurements from
many fibrils over a larger area of the tissue surface.
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Figure 4. FLIM images of HEK293A cells incubated for 3 h with (a) PBS only, (b) GS-NH,, (c) GS-NH,-TAMRA,, (d) GS-NH,-TAMRA,, (e) GS-
NH,-TAMRA;, (f) GS-NH,-TAMRA,, (g) G5-NH,-TAMRAq,, and (h) GS-NH,-TAMRA, .. (j) Color code for FLIM images. (k) Histograms of
fluorescence lifetimes for FLIM images. Images were obtained with a 40X oil immersion objective. Reproduced with permission from ref 9. Copyright
2015, American Chemical Society.
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Figure S. Hierarchical structure of collagen structures in tendon, skin, and bone. The AFM images show the D-spacing resulting from the parallel
staggered alignment of the collagen microfibrils. Reproduced with permission from ref 18. Copyright 2012, American Chemical Society.

Here, we highlight a case in which microstructures changed as seven treatment groups.”””" After ovariectomy-induced estrogen

a function of disease, estrogen depletion modeling osteoporosis, depletion, the osteoporosis drugs were given to the rabbits as a
and treatment with three different drugs. In sum, the study preventive, not as treatment. Note that all the imaging and
involved analyzing a total of 5,673 fibrils from 84 rabbits split into analysis was carried out blind to the identity of the samples.
1474 DOI: 10.1021/acs.biomac.8b00375
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Figure 6. AFM images illustrating parallel and oblique regions of Type I
collagen fibrils. (a) Parallel region showing multiple aligned fibrils
(yellow arrows); (b) oblique region showing multiple fibrils with varying
alignment (yellow arrows). Reproduced with permission from ref 20.
Copyright 2015, Nature Springer.

Microstructures in the images were hand-coded as bundles if 3—
1S fibrils aligned in the same direction and were associated with
one another and sheets if more than 20 fibrils aligned in the same
direction and were continuous with surrounding bone. Together,
bundles and sheets were considered to contain parallel fibrils, and
nonaligned fibrils were oblique (Figure 6). This coding scheme
captured at least 95% of all the measured fibrils.

Importantly, changes to collagen microstructures were
observed in cortical bone (compact bone that makes up the
long bones, e.g,, femur) but not in trabecular bone (“spongy”
bone that remodels faster than cortical bone, e.g,, the interior of
vertebrae) (Figure 7). In the control cortical bone, estrogen

Cortical
compact bone
makes up the long bones

Trabecular
“spongey” bone
remodels faster than cortical

Figure 7. Examples of cortical and trabecular bone. Left image courtesy
of Meagan Cauble. Right image reprinted from ref 21. Copyright 2016,
with permission from the authors.

depletion caused a statistically significant change in the
proportions of parallel and oblique fibrils: incidence of parallel
fibrils decreased and oblique fibrils increased. In the treated
animals, the two drugs currently in the clinic partially prevented
this change, and the experimental drug fully prevented it.

In both trabecular and cortical bone, the mean D-spacing value
and the overall D-spacing distributions did not change with
treatment. In bundles, no significant differences existed between
the groups (Figure 8). However, treatment induced significant
animal-to-animal variability in bundle D-spacing in trabecular
bone. That is, the D-spacing means and distributions in
trabecular bone remained the same, but D-spacings in trabecular
bundles were different from animal-to-animal. The control
rabbits displayed zero variability (including incorporation of a
random effect for the animal) in their bundle distributions;
ovariectomized rabbits had nonsignificant animal-to-animal
variability, and the two treatment groups both had significant
variability. The phenomenon was not observed in cortical bone.
As trabecular bone is responsible for bone growth and
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remodeling, changes to trabecular collagen structure is of
consequence.

More generally, these results provide important insights on the
range of reactions to therapies. The differences in response and
outcome will likely be even more pronounced in more genetically
diverse populations, e.g., humans. These trends would have been
missed if employing techniques that only capture the arithmetic
mean of D-spacing values averaged over micro- to millimeters
(such as XRD); all values would have been the same, and no
information regarding the drug effects would have been obtained.

Given the time and labor investment necessary for hand-
coding fibril alignment, we sought ways to accelerate and
streamline the process. With collaborators, we developed an
autocorrelation approach to recognize patterns and quantita-
tively assess the degree of fibril alignment.”' The full image level
analysis (Figure 9) generates vector fields that mathematically
approximate collagen fibril alignment. These vector fields were
used to compute an information-theoretic entropy value: a fibril
alignment parameter (FAP). We applied this approach to
assessing fibril alignment in cortical and trabecular bone in
estrogen-depleted and -treated animals. FAP distributions
showed trabecular fibril alignment shifting toward cortical FAP
distributions after ovariectomy. In cortical bone, estrogen
depletion affected the formation of bundles and sheets. The
three drugs examined affected alignment in cortical and
trabecular bone differently. In one case, the drug moved FAP
distributions in opposite directions in cortical and trabecular
bone. The ability to quickly obtain fibril alignment information
across a multimicrometer scale is important. Together, D-spacing
analysis, hand coding of microstructures, and the FAP
distributions provide data on multiple levels of the collagen
hierarchical structures, which are critical for understanding and
treating disease.

Implications for Treatment of Bone Diseases. The research
summarized in this section demonstrates the importance of
studying distributions at multiple levels of the hierarchical
structure in bone and other tissues. We emphasize how
characterization of collagen structure distributions by AFM and
image analysis should inform research on disease mechanisms
and treatments. Because collagen is so abundant in the body,
greater scientific understanding of the relationship between
changes in multiple levels of collagen hierarchical structure and
observed physiological outcomes would streamline the develop-
ment of new therapies for a wide variety of diseases. Research
efforts should be focused on creating methods of accelerating
molecular and fibril level analysis while ensuring sampling is
representative of the heterogeneous tissue surface.

Distributions in Natural Nanoparticles. The previous two
sections focused on characterizations of material distributions
resulting from a laboratory synthesis, tissue biosynthesis, and
tissue disease and drug treatment. Our more recent efforts
combined aspects of this previous work on synthetic and natural
materials: we investigated the relationship between distribution
and function in intentionally created and controlled nano-
particles made of endogenous serum proteins. This research
applied the analytical methods and statistical expertise our group
developed through our earlier research described above.
Specifically, we leveraged our experience making and character-
izing dendrimer conjugates with precise ligand ratios and
translated the AFM imaging and statistical methods developed
in our collagen research to studying distributions in the protein
nanoparticles. Our overarching goal was to understand the role
serum folate binding protein (FBP) plays in folic acid (FA) and
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antifolate (aFA) drug trafficking. We also hypothesized that the
protein itself could be used as a targeted vector, eliminating many
of the challenges associated with stochastic or precisely defined
conjugated polymers. Our conclusions highlight the need of a
molecular approach to nanoparticle characterization in biological
systems and the importance of employing complementary
analytical methods.

Folate Binding Protein Nanoparticles (Highlighting Results
from Refs 79 and 11). The structure and function of serum FBP
have been extensively detailed by ourselves''~'**"” and
others.*"~"° For the purposes of this Perspective, it is important
to note that FBP is derived from membrane-bound folate
receptors (FRs) and plays a critical role in the complex,
multiprotein process of cellular uptake of FA and in embryonic
development.””~'*> FRs bind strongly to FA (nanomolar
dissociation constant) and are overexpressed on many types of
human cancers because rapidly dividing cancer cells require high
levels of FA for DNA synthesis.lm_lo6 As a result, researchers,
including ourselves as described in the ligand conjugation section
above, have extensively explored FA as a targeting
ligand.®! 1?2275 LIOLIOZI07=I3  NMany of these conjugated
targeted drug delivery agents suffer from the same heterogeneous
distributions discussed above, but upon injection, they also
interact with serum FBP before ever reaching the target cells. FA
and the aFA drug methotrexate (MTX) have the same binding
affinity for serum FBP as they do for FRs.'”° Additionally, the
binding of FA or MTX to FBP triggers FBP aggregation and
protein corona formation.'' "' Protein coronas often define
biological identity, so the trafficking, uptake, and therapeutic
efficacy of these materials are dictated by FBP before they reach
the targeted tumor cells."'*~"*° FA-targeted therapies in vivo are
likely to operate by different mechanisms than those predicted by
in vitro experiments in the absence of soluble FBP, complicating
interpretation of results and clinical translation.

Our first goal was to develop a better understanding of the
interactions between FBP and small molecules (FA and aFAs).
Earlier studies of serum FBP were limited by the detection limits
of the bulk analytical techniques used, such as DLS, GPC, and IR
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spectroscopy.go_88 Conversely, our attempts to use techniques

like DLS were inhibited by the nanomolar protein concen-
trations required to reflect biological concentrations, the low
scattering cross section of the nanoparticles, and biases toward
detecting larger particle aggregates. Instead, we characterized
FBP aggregation on a particle-by-particle basis using AFM
(Figure 10)."" This enabled investigation of FBP aggregation at
physiologically and therapeutically relevant concentrations. In
many ways, our approach was very similar to the fibril-by-fibril
analysis with collagen, and many of the same image analysis
techniques and statistical methods were used. The large number
of particles imaged allowed for statistically robust analyses of the
volume distributions. With hundreds to thousands of FBP
nanoparticles (FBPNP) analyzed in each image, examining the
distribution of particle volumes (as opposed to primarily relying
on the mean volumes) proved critical in developing novel
hypotheses on the biotrafficking of FA, MTX, and leucovorin
(LEUC, a vitamer of FA).

We showed that, at physiological blood serum concentrations
of FBP (2 nM), unligated FBP aggregates into nanoparticles
comprised of ~6—8 proteins. Interestingly, this agreed well with
the reported 8-mer crystal structure of FR-a from which the
majority of serum FBP is derived.'”> When FA was added to FBP
at concentrations equivalent to FA deficiency in human adults,
FBP aggregated into a bimodal distribution: nanoparticles of
approximately 4 FBP and 600 FBP (Figure 10a). The
nonuniform volume distribution of FBPNP at low FA
concentrations is consistent with previously reported FA-
induced apo-holo FBP aggregation.”” The change in FBP
volume distribution compared to healthy levels of FA suggests
altered trafficking, biodistribution, and uptake processes that may
be associated with symptoms of folate deficiency. Low
concentrations of MTX resulted in larger nanoparticles (~30
FBP), and low levels of LEUC completely inhibited aggregation
(Figure 10b,c). When the concentration was increased to
physiologically healthy or therapeutically relevant levels of FA,
MTX, or LEUC, the FBPNP volume distribution became more

DOI: 10.1021/acs.biomac.8b00375
Biomacromolecules 2018, 19, 1469—1484


http://dx.doi.org/10.1021/acs.biomac.8b00375

Biomacromolecules

-1 05 0

Figure 9. AFM images of collagen with arrows showing local alignment
of collagen patches. The alignment was determined using an
autocorrelation-based method. The arrow lengths are scaled to show
the degree of alignment. (a) Collagen with a substantial concentration of
parallel fibrils. (b) Collagen with a with a substantial concentration of
oblique fibrils. Reprinted from ref 21. Copyright 2016, with permission
from the authors.

monodisperse with 6—8 FBP per nanoparticle (Figure 10d—f),
again the same as the number of proteins in the crystal structure.

Most surprisingly, our analyses of FBPNP volume distribu-
tions presented new hypotheses on the trafficking of LEUC and

why it can be used as an FA rescue agent. Following treatment
with MTX, LEUC is administered to mitigate toxicity caused by
inhibition of FA activity. FA will not provide therapeutic benefit:
LEUC must be used instead. The reason for this and the
mechanism of action of LEUC has not been well understood.
Most investigations of LEUC have focused at the cellular level,
not considering the role of intravenous FBP.

Examination of the FBPNP volume distributions showed that
FBPNP in the presence of high (therapeutic) doses of FBP was
nearly identical to FBPNP containing therapeutic doses of MTX
(Figure 11). The body would likely traffic both sets of FBPNP
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Figure 11. Cumulative density function (CDF) plots of selected
measured volumes of FA-, MTX-, and LEUC-containing FBP
nanoparticles. The similarity of the nanoparticle volume distributions
was assessed using K—S statistics. The K—S testing showed the volume
distributions of FBP nanoparticles formed from 20 nM FA + 2 nM FBP
and 1000 nM LEUC + 2 nM FBP are not statistically different (p =
0.310). All other nanoparticle volume distributions were shown to be
statistically different when evaluated with the K—S test. We hypothesize
LEUC is effective as a folic acid rescue agent because the FBP
nanoparticles formed at therapeutic concentrations of LEUC have the
same volume distribution as the nanoparticles formed at healthy FA
concentrations (20 nM). Adapted from ref 11 by permission of the
Royal Society of Chemistry.

through the same biological pathways, preventing FA from acting
as arescue agent, especially because healthy concentrations of FA
and therapeutic MTX are believed to enter cells via different
uptake pathways,'”"'** potentially triggered by the FBP

Folic acid

b) 8

d) Concentration of FAin

human blood

Methotrexate

Leucovorin

f) ‘_Concéhtration of LEUC used
in:folic acid; resgue-

Figure 10. AFM images of FBP nanoparticles with folic acid, methotrexate, or leucovorin. (a—c) FBP and ligand present at 2 nM. (d) FA at 20 nM, FBP
at2nM.(e) MTX at 1000 nM,; FBP at 2 nM. (f) LEUC at 1000 nM, FBP at 2 nM. Adapted from ref 11 by permission of the Royal Society of Chemistry.
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aggregation state. Conversely, FBPNP with high doses of LEUC
and physiological levels of FA had volume distributions that were
not statistically different. This suggests LEUC is trafficked to cells
through the same pathways as healthy levels of FA and can
facilitate FA rescue by bypassing the MTX uptake pathway.
These results provided the first hypothesis on the perplexing
observation that FA itself cannot provide a therapeutic FA rescue
benefit, requiring LEUC to be used instead. Had we only relied
upon bulk measurements and mean size values in the data
analysis, these connections likely would have been missed. The
possible role of FBP particle size is particularly interesting in light
of binary gate “lock and key” or “switch” analogies often
employed when developing biological models of action. If
particulate size is a factor in determining uptake rates, this
suggests the analogy of a fuzzy logic gate is more appropriate for
this case as opposed to a binary logic gate.
Conjugate-Dependent Interactions with Folate Binding
Protein (Highlighting Results from Refs 51 and 12). Here, we
bring this Perspective full circle to where we started with targeted
polymer conjugates and illustrate how we applied lessons from all
the research we have highlighted to this point. As we discussed
above in detail, sample heterogeneity has plagued the translation
into the clinic of FA-targeted polymer therapeutics.””'" Our
particle-by-particle work on the interactions between small
molecules (FA, MTX, and LEUC) with FBP'"” (as well as
previous research with FA conjugates and FBP®'1?>*75b112113)
informed our guiding hypothesis that the identity of the
conjugate itself could dictate the interaction with serum proteins.
The combination of conjugation heterogeneity and unnatural
serum protein aggregation processes likely leads to unexpected
biological outcomes and failure in clinical translation efforts. The
AFM and image analysis methods originally developed for our
investigations of natural collagen distributions again proved
critical in assessing FBP nanoparticle distributions. In contrast to
our small molecule-FBP and collagen work, however, we used
molecular level approaches in combination with solution
fluorescence spectroscopy. The results discussed below demon-
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strate the risk in interpreting molecular interactions and
structural information from only bulk techniques reporting
averaged measurements. FBPNP distributions were dictated by
both the chemical identity of the polymer scaffold and the
conjugation method, but fluorescence spectroscopy experiments
partially masked nuances in these results. The roles of both
factors play in protein corona formation and in the ultimate fate
of the targeted conjugate are often underappreciated.

Following a similar approach as we used on our studies of small
molecule-FBP interactions, we directed our efforts toward
characterizing the FA-conjugate-FBP interactions. We compared
four FA-polymer conjugates: (1) GS5-FAy () (2) G5,-COG-
FA,, and (3) poly(ethylene glycol)-FA (PEG-FA) of two
different polymer chain lengths (Figure 12). The first, GSy -
FA4(ag) Was a stochastic mixture with a mean of four FAs
conjugated to the dendrimer (Figure 12a). On the basis of the
Poisson distribution, ~20% of the samples had four FA
conjugated (Figure 12b). The second conjugate, G5,.-COG-
FA,, had precisely one FA conjugated through a cyclooctyne
glycolic acid-amino acid linker (Figure 12c). This conjugate was
synthesized and isolated via rp-HPLC methods similar to those
described above.®™® The PEG-FA conjugates (Figure 12d) were
commercially available. Chain lengths of 2 and 30 kDa were used
in this study. NMR spectroscopy was used to quantify the
concentration of active FA-conjugated material (PEG, p,-FA ~
25%; PEGy 1o, - FA ~ 15%).

Tryptophan fluorescence quenching experiments, carried out
in solution at protein concentrations an order of magnitude
higher than physiological levels (58 nM vs 2 nM), indicated that
free FA and GS,-FAy(,,) induced similar changes in FBP
conformation upon binding (Figure 13). This effect was
observed whether the conjugate was added to an excess of FBP
(Figure 13a) or FBP was added to an excess of FA (Figure 13b).
The data also showed that any amount of FA (free or conjugated)
was sufficient to induce conformational changes and subsequent
fluorescence quenching throughout the entire protein popula-
tion. GS,-COG-FA,, resulted in significantly larger protein
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(b) Titration of FBP into FA (50 nM) and GSAc-FA polymer
conjugates (50 nM). FA materials produced conformational changes
throughout the protein population. For both experiments, excitation =
280 nm, emission = 342 nm; pH 7.4 (1X PBS). Panel (b) reproduced
with permission from ref 12. Copyright 2017, American Chemical
Society.

conformational changes even in substoichiometric amounts of
the conjugate. It bound essentially irreversibly to FBP and could
not be displaced from the binding pocket by large excesses of free
FA.>' These data agreed with previous experiments demonstrat-
ing the same binding effect to surface-anchored FBP.° The PEG
conjugates resulted in very little fluorescence quenching likely
due to the long polymer chain blocking access to the binding
pocket.' !

Particle-by-particle analysis by AFM revealed important
distinctions in the conjugate-protein interactions. The fluo-
rescence data indicated free FA and GS,-FAy(,,) had similar
binding interactions with FBPNP, but the FBPNP volume
distributions were significantly different. FBPNP containing free
FA were smaller than unligated FBPNP (Figure 14). Conversely,
upon binding to GS,-FA(,,g), FBP rearranged into substantially
larger nanoparticles. Consistent with the fluorescence data, GS, -
COG-FA, , resulted in very large aggregates with each conjugate
inducing conformational changes and aggregation in more than
one protein (Figure 15). This agrees well with our fluorescence
data in Figure 13 demonstrating that, even with an excess of FBP,
GS5,-COG-FA, induced conformational changes throughout
the protein population, resulting in fluorescence quenching. We
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Reproduced with permission from ref 12. Copyright 2017 American
Chemical Society.

postulate the long COG linker facilitates the strong binding
interaction and FBP conformational changes, a phenomenon
that we cover extensively elsewhere.””*' PEG conjugates of all
chain lengths disrupted FBP aggregation, and no nanoparticles
were observed.

In combination, these results illustrate both the risk of relying
solely on bulk techniques to characterize these systems and the
challenges of translating FA-targeted therapies into the clinic.
The underlying assumption of FA-targeted therapies is that they
are trafficked in the body like FA. That is, they should work
because they go to cells and tissues with enhanced uptake of FA.
The fluorescence spectroscopy data alone suggested that G5,
FA4(avg) would likely have been a good candidate for a targeted
therapeutic because it induced the same degree of conforma-
tional change in FBP as induced by FA. However, as shown in
Figure 14, the opposite trends in nanoparticle size upon ligand
binding make it likely free FA and G5, -FAy () would not follow
the same trafficking and uptake pathways. Along the same lines,
the very large aggregates with GS5,-COG-FA;, would be
expected to exhibit different behavior in vivo. In contrast to the
dendrimer conjugates, the AFM data showed no nanoparticles
were present in samples containing PEG. The fluorescence
spectroscopy data suggested a weaker binding interaction
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between PEG-FA and FBP, but that alone does not demonstrate
the extent of disruption in the system. PEG is the most common
polymer in biomedical applications and is used to inhibit the
formation of deleterious protein coronas on targeted con-
jugates."'®'** Tt is therefore not surprising that PEG disrupted
already existing FBPNP. PEG-containing FA-targeted conjugates
likely would not follow the biotrafficking pathways of FA, and the
inclusion of the polymer in rationally designed targeted vectors
warrants consideration.

Implications for Targeted Drug Delivery. This Perspective
has used PAMAM dendrimers as a case study for the challenges
of both scaffold and conjugation heterogeneity associated with
using polymers in targeted drug delivery. These issues do not just
apply to PAMAM dendrimers but to all types of dendrimers and
hyperbranched polymers (e.g, dendrons) used for biological
applications.*”*” This includes some of the most widely
investigated scaffolds such as polyesters, poly(propyleneimines)
(PPI), poly(2,2-bis(hydroxymethyl)propanoic acid (bis-MPA),
and phosphorus-based dendrimers. All of these polymers have
different advantages and disadvantages in terms of ease of
synthesis and conjugation, solubility, and biocompatibility. In
general, clinical translation of higher generation hyperbranched
polymers of any type with multiple copies of different ligands will
face the challenges associated with heterogeneity discussed
above. In some cases, heterogeneity can be minimized through
the synthesis process, and our group has previously reviewed the
work in this area of making well-controlled polymers for
biological applications."’

This is not to say that current dendrimers produced on large
scales do not have potential as or in therapeutics. For example,
Starpharma has received approval to market a dendritic therapy
for bacterial vaginosis (VivaGel) and is testing the material for a
number of other sexual health-related applications.'** Although
this clinical success of a dendritic therapy is noteworthy, VivaGel
differs from the PAMAM dendrimers discussed here in several
important ways. VivaGel is a generation 3 (G3) poly(lysine)
dendrimer with 32 surface groups. Because fewer synthetic steps
are required to make G3 poly(lysine) dendrimers compared to
commonly used G5 PAMAM dendrimers, VivaGel has a lower
incidence of defects in the scaffold. This produces a material with
less heterogeneity and that is more, but not entirely, molecular.
Furthermore, the surface naphthyl disulfonate groups are
incorporated as part of the synthesis of the dendrimer, reducing
heterogeneity resulting from conjugation. VivaGel is also
administered differently than the targeted dendrimer systems
discussed above: it is applied as a gel or incorporated into
personal lubricants. VivaGel is not injected or ingested, and it is
not targeted; it therefore avoids complications associated with
opsonization and off-target uptake. Highlighting these differ-
ences between VivaGel and other types of dendrimer
therapeutics is not intended to detract from the success of this
product but rather to illustrate why VivaGel has had
comparatively smooth translation into the clinic.

Starpharma has been making efforts to use its poly(lysine)
dendrimer technology in targeted cancer therapeutics. The
company is carrying out Phase II clinical trials with PEGylated
poly(lysine) dendrimers conjugated to docetaxel (DEP-docetax-
el). Conjugating not one but two species to the dendrimer
scaffold has introduced a significant amount of heterogeneity
into the system, as discussed in detail above, and the full
physiological implications of this heterogeneity are likely not
known. Like with many other targeted polymer therapies that
have been tested in clinical trials, DEP-docetaxel produces
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promising results in vitro and in vivo in small animal models.
However, the translation to treatment in humans is often
difficult. When tested in humans, the majority of targeted
polymer therapeutics do not produce the same therapeutic
benefits or reduce adverse side effects. It will be highly significant
if DEP-docetaxel (and related systems from Starpharma) avoids
these translational challenges. The results could provide valuable
insights for the research community into expediting clinical
translation of targeted polymer therapeutics.

The drug delivery research community should also give
consideration to moving toward systems that do not suffer from
the challenges of scaffold and conjugation heterogeneity. Some
researchers have started to use serum protein-based vectors,
which not only address issues of heterogeneity but also the
problems of opsonization, immunogenicity, and biodegradability
associated with synthetic drug delivery vectors. One of the most
powerful achievements in drug delivery over the past decade is
Abraxane, an albumin-bound form of paclitaxel.'>*~"*" Re-
searchers recently reported a cancer vaccine using albumin as a
carrier showing great promise in in vivo trials."”” Many more
albumin-based approaches are currently in clinical trials. Taking
advantage of natural protein aggregation processes may indeed
provide a key to avoiding the challenges of heterogeneous
distributions in synthetic and natural drug delivery materials.

One of the notable aspects of these recent successes with
protein-based vectors is that protein aggregation is often
considered to be an indication of disease or dysfunction, such
as ff-amyloid formation associated with Alzheimer’s disease.'”!
However, decade’s worth of FBP aggregation data, including
ours, indicate that FBP aggregation is a healthy and natural
process and that understanding the changes in particle aggregate
distribution as a function of changes in conditions is critical to
understanding and controlling function.'"**~** FBP plays a
central role in cellular uptake of FA and is essential for healthy
embryonic development. In our own research, we are currently
investigating the possibility of leveraging the action of FBP for
drug delivery applications.

B CONCLUSIONS AND FUTURE PERSPECTIVES

In this Perspective, we examined almost two decades of our
research team’s work to characterize heterogeneous distributions
in multivalent polymers, collagen hierarchical structure, and
serum protein nanoparticles. By tracing through the history of
our work, we illustrated how our most recent work on protein
nanoparticles leveraged all our collaborative knowledge and
expertise on distributions. We showed how our methods were
widely applicable and translated between research projects
characterizing distributions created in both synthetic materials
and inherently present in natural tissues. In each of the research
cases, we emphasized how our unique molecular level analytical
and statistical approaches were critical for interpreting data,
understanding biological results, and facilitating development of
new insights and hypotheses that would be missed through bulk
measurements. As a set, the examples and discussion included
here are intended to make a convincing case for the importance
of a molecular level view of biological materials. We encourage
investment in the development of methods to expand scientific
understanding of the interplay between molecular level
distributions and structural variation and function.

Relatively new techniques are starting to bridge the gap
between bulk analytical methods and molecular level analysis.
For example, combined AFM and IR spectroscopy allows for IR
spectra to be acquired with as high as ~10 nm lateral resolution
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(Figure 16). In our current research efforts, we are employing
AFM-IR to examine changes in mineral-collagen ratio through-
out bone as a function of disease and treatment, identify
microdamage that leads to failure in anterior cruciate ligaments,
investigate uptake of nanoplastics into mussels, study the
chemical composition of atmospheric particles, and characterize
the composition of a variety of composite polymers. As
techniques that enable nanoscale, molecular, or chemical identity
level characterization (e.g, AFM-IR, AFM-mass spectrometry,
and single particle tracking) become more widely available, the
broader research community will have more capacity to address
the challenges of heterogeneity and distributions presented here.
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