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Abstract Recently, an atomic force microscopy (AFM)-
based approach for quantifying the number of biological
molecules conjugated to a nanoparticle surface at low num-
ber densities was reported. The number of target molecules
conjugated to the analyte nanoparticle can be determined
with single nanoparticle fidelity using antibody-mediated
self-assembly to decorate the analyte nanoparticles with
probe nanoparticles (i.e., quantitative immunostaining). This
work refines the statistical models used to quantitatively
interpret the observations when AFM is used to image the
resulting structures. The refinements add terms to the previ-
ous statistical models to account for the physical sizes of the
analyte nanoparticles, conjugated molecules, antibodies, and
probe nanoparticles. Thus, a more physically realistic statis-
tical computation can be implemented for a given sample of
known qualitative composition, using the software scripts
provided. Example AFM data sets, using horseradish perox-
idase conjugated to gold nanoparticles, are presented to
illustrate how to implement this method successfully.
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Introduction

Surface-functionalized nanoparticles (NPs) have seen in-
creasing applications in recent years, for example, as multi-
functional nanomedicine platforms with both targeting and
therapeutic conjugates [1-3]. However, to both successfully
commercialize these materials and perform robust structure—
property studies, quantifying the number of ligands per NP is
critical [4, 5]. This is especially true in regulated fields such
as nanomedicine clinical trials [6, 7]. Many integrative tech-
niques (i.e., all NPs are measured and average values report-
ed) are currently employed, such as digestion coupled with
chemical analysis [7-12], X-ray photoelectron spectroscopy
[13], dynamic light scattering (DLS) plus infrared spectros-
copy [14], or advanced nuclear magnetic resonance spectros-
copy [15, 16]. Combinations of physical size measurements
can inform on the average degree of surface molecule ad-
sorption as well as conformation [17]. However, integrative
techniques by definition cannot inform on whether there is a
heterogeneous distribution of coating densities on the col-
lection of NPs assayed. It has been reported that attempts to
stoichiometrically control the surface-functionalization of
NPs leads to heterogeneous distributions [18]. Fluorescence
techniques could use either direct labeling of proteins with
fluorescent molecules onto reactive sites on the proteins or
fluorescently tagged antibodies. However, such fluorescence
techniques only provide an integrative measurement of the
average number of target proteins bound per nanoparticle, by
measuring the fluorescence increase after tagging all proteins
in the solution. The ability to measure whether a distribution
of stoichiometries result in NP surface functionalization
remains a challenge for integrative techniques.
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Microscopy techniques, such as transmission electron
microscopy (TEM) and atomic force microscopy (AFM),
are capable of imaging single NPs and thus can overcome
the limitations of integrative techniques. Within microscopy
communities, immunostaining approaches have been used
for decades to qualitatively identify the presence and loca-
tion of biomolecules (often within cells) and to semi-
quantitatively assay for the concentration of their expression
in cellular systems. Historically, immunostaining has been
dominated by fluorescently tagged antibodies combined
with light microscopy [19, 20], and gold nanoparticle
(AuNP) tagged antibodies combined with TEM [21-23].
Extending immunostaining into semi-quantitative or quanti-
tative measurements has also been reported [24, 25]. Recent-
ly, probe antibody-NPs were demonstrated to be quantitative
in measuring the number of biomolecules conjugated to the
surfaces of analyte NPs, with single NP resolution when
combined with AFM imaging [26]. Previously described as
self-limiting self-assembly, this work will henceforth be
referred to as quantitative immunostaining by AFM.

Quantitative interpretation of immunostaining AFM im-
ages is a recent development [26]. Figure 1 illustrates the
overall scheme for implementation of quantitative immuno-
staining. In quantitative immunostaining by AFM, small-
diameter “probe” nanoparticles tagged with antibodies are
used to decorate the surface of a protein-functionalized
larger-diameter “analyte” nanoparticle. The antibodies on
the probe nanoparticles are able to specifically recognize
the proteins on the analyte nanoparticle and thus self-
assemble into a raspberry-like structure, where each small
probe nanoparticle that binds aids in visualizing one of the
proteins bound to the surface of the analyte nanoparticle.
AFM provides the opportunity to automate much of the data
collection process at lower initial instrument infrastructure
costs when compared with TEM [27, 28]. Additionally,
recent advances have demonstrated how to analyze AFM
data in an automated fashion [29]. However, quantitatively
interpreting an AFM topography image of a biomolecule-
conjugated AuNP is challenging due to topographic mea-
surements only imaging the “top half” of the structures.
Additionally, because of steric considerations, the number
of probe NPs assembled onto the analyte NP is often less
than the number of biomolecules conjugated to the surface of
the analyte NP. A statistical model must be used to relate the
observed data back to probabilities of physically possible
combinations. A previously reported model [26] was a good
first approximation of the statistical probabilities involved
for topographic images, with numerous assumptions that
made calculating results easily tractable. This work aims to
refine that existing model by explicitly analyzing every
physically possible geometric combination, including terms
to account for the physical sizes of each NP (analyte and
probe), conjugated biomolecule, and probe antibody.
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Software routines are presented that enable this more phys-
ically realistic interpretation of the data. Additionally, this
work will also provide examples of how to successfully
implement the model when interpreting example data sets.

Experimental'

Figure | illustrates the overall scheme for implementation of
quantitative immunostaining. A simplified protocol can be
found at the end of the experimental section.

Synthesis of functionalized AuNPs

Synthesis followed previously reported procedures [26], using
nominally 10-, 30-, and 60-nm diameter AuNPs (Part num-
bers 15703—-1, 15706—1, 15708-6, respectively, Ted Pella,
Redding,CA), horseradish peroxidase (HRP) (#01-2001, Life
Technologies, Grand Island, NY), and anti-HRP antibody
(#ab34580, AbCam, Cambridge, MA), and are detailed in
the Electronic supplementary material. N ;; will describe the
stoichiometry of the number of ligands per analyte NP, i.c., the
number of HRP molecules per AuNP. Fig. S1 (Electronic
supplementary material) illustrates the synthesis approach.
Fig. S2 (Electronic supplementary material) shows typical
characterization data for reaction products.

Sample prep and AFM imaging

A tenfold molar excess of probe NPs (10 nm AuNPs func-
tionalized with a single anti-HRP antibody, sometimes called
Ab-AuNPs) were added to the analyte NPs (30 or 60 nm
AuNPs functionalized with multiple HRP molecules) and
allowed to react for 1 h. A 20 uL droplet of the solution
was then placed over an amine-functionalized Si chip (pre-
pared as described by NIST-NCL PCC-7) for either 10 min
for 30 nm AuNPs, or 30 min for 60 nm AuNPs, then rinsed
with deionized water and dried with short blasts of filtered
compressed air. No less than 20 locations around a substrate were
imaged using a Bruker Dimension 3100 AFM (Santa Barbara,
CA). A programmed move was used to collect up to 100 images
in one session. AFM tips (Tap150Al-G, NanoAndMore, Lady
Island, SC) were discarded after each session.

! Certain trade names and company products are mentioned in the text
or identified in illustrations in order to specify adequately the experi-
mental procedure and equipment used. In no case does such identifica-
tion imply recommendation or endorsement by National Institute of
Standards and Technology, nor does it imply that the products are
necessarily the best available for the purpose.
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Fig. 1 Representation of quantitative immunostaining procedure

AFM data analysis

For each 5x5-um AFM image, probe NP+analyte NP as-
semblies were visually identified. Examples of images
obtained can be found in Fig. S3 (Electronic supplementary
material). Only assemblies with appropriately sized smaller
probe NPs and one large analyte NP were included for
analysis. When analyzing the data, a 20 nm distance cutoff
was considered. This upper bound summed the size of the
HRP molecule (approximately 4.5 nm in diameter [30]), the
IgG antibody molecule (approximately 14 nm in diameter
[31]), and an additional 1.5 nm to approximate an extended
conformation of the molecules linking the HRP or IgG
antibody biomolecules to their respective NPs, such as the
assemblies illustrated in Figs. 1 and 2. It was assumed all
probe NPs had one antibody per NP, thereby preventing
formation of massive networks such as those seen with
peptide nanotube biosensors [32]. Thus, infrequently occur-
ring agglomerates of large analyte NPs were not counted due
to this ambiguity in quantitative interpretation. Analysis of a
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greater number of assemblies will lead to a greater degree of
confidence in the data analysis; just as when collecting
diameter measurements of nanoparticles, N>100 is an abso-
lute minimum, with N>300 preferred when possible.

Statistical model for quantitative interpretation of AFM data

The predictions of the number of probe NPs per analyte NP were
calculated explicitly for each possible combination of ligand
positions using a MATLAB code ‘“ReferenceCodeGenerator.m”
(see Electronic supplementary material). First, a reference curve
with a mean of Ny j, HRP molecules per analyte NP and a
standard deviation of 0 was calculated. The total number of
possible ligand binding sites on the analyte NP, Npg, is deter-
mined by dividing the surface area of the analyte NP by the cross-
sectional area of the ligand and rounding to the nearest integer,

47rramlyteNPz

7””Lig2 (1)

where 7anaiyienp 1S the radius of the analyte NP and 7y, is the

Nps =
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Fig. 2 Illustration of challenges for successful execution of quantita-
tive AFM immunostaining, to scale for 30 nm core AuNP, 4.5 nm HRP
enzyme, 10 nm probe AuNP, and 11 nm IgG antibody. Clockwise from
upper right, (1) polyclonal antibodies (represented by different colors)
reduce false-negatives from HRP orientation distributions; (2) IgG
molecules can potentially bind two HRP molecules; the physical size
of the Ab-AuNP can sterically block HRP molecules, either (3) by one
Ab-AuNP or (4) by multiple Ab-AuNPs in close proximity. Finally, it
must be assumed that only those antibody-AuNPs on the fop half of the
figure (above the green dashed line) will be imaged by a topographic
technique such as AFM

radius of the ligand molecule. For simplicity, binding
sites were assigned sequential integers as “position co-
ordinates.” Next, a so-called position matrix was built
such that there were Ny, columns and one row for each
possible combination of binding site locations; for ex-
ample, a position matrix with Np;;=3 and 100 possible
binding sites would have 100x99x98, or 970,200 rows.
Each row contained a unique combination of position
coordinates representing where each of the N, ligands
attached (i.e., where each HRP molecule attached onto
the analyte NP surface). Next, a so-called binding ma-
trix was built, with an identical number of rows and
columns as the position matrix. The binding matrix was
used to analyze how many probe NPs would be able to
bind the surface of the hypothetical analyte NP’s pre-
scribed geometry. Initially, the binding matrix was
completely populated with zeros, to represent the state
before the probe NPs were mixed with the analyte NPs.
The binding matrix was analyzed one row at a time, for
each ligand position. As each row was analyzed, the
first ligand position would always have an antibody
attached. For each subsequent position, the algorithm
would look backwards and calculate the distance be-
tween the current ligand position and the previous li-
gand positions in the binding matrix. To account for the
antibody’s larger size physically blocking ligands locat-
ed nearby each other on the surface, the number of
blocked binding sites, ¢, was calculated by dividing
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the cross-sectional areca of the antibody by the cross-
sectional area of the ligand and rounding up to the next
integer,

. 7”’Antiboclyz (2)
7”’Lig2

where 7anipoay 18 the radius of the antibody. If the
distance between ligands was less than ¢, a probe NP
was allowed to bind to the current position, p, in the
binding matrix only if no probe NP was bound in the
previous position(s); if probe NP was already bound to
a position within ¢ binding sites of p, the binding
matrix value remained zero to represent the case of
being sterically blocked.

After completing the binding matrix, the number of probe
NPs that would be visualized by AFM was determined. For a
given row of the binding matrix, only the values for positions
that correspond to the first half of possible binding sites (i.e., if
P<Ngs/2 in the binding matrix) were counted; the results were
then normalized to be a set of probabilities. The probabilities
represent the number of probe NPs predicted to be visualized by
a topographic measurement, such as AFM, for the given geo-
metric configuration of ligand attachment to the analyte NP,
assuming all analyte NPs contained exactly NV ;, molecules.

To incorporate a standard deviation about the mean of
NLig, the nomenclature for monomodal fits will follow a
Nmodei=X%Y format, where X represents the mean number
of HRP ligands per analyte NP and Y represents the number
of standard deviations about the mean, and thus the width of
the distribution. A table was developed to add the fractional
contribution of each mean curve with a standard deviation of
0 to the final N,oqe=X=£Y reference curve. See Table S1,
Electronic supplementary material for additional details.

Fits to the data can be performed empirically in a spread-
sheet, or by using the software scripts “FitQIdata3.m” to
analyze a single dataset or “FitLotsOData.m” to analyze
multiple datasets. To compare how close various model fits
are, the term “residual” is defined in this work as the sum of
the absolute values of differences between the model and
data overall histogram points. Due to the fact all model and
data histograms were normalized to integrate to 1, the max-
imum possible residual value is 2.

For bimodal distributions, the percent weighting given to
each component will be listed in the format Q % Nyoqe1=-
Xi£Y1, R % Npoge=X>%Y5. The “fit mean” term is used for
the overall weighted average, while the “standard deviation”
is the square root of the weighted sum of the squares of the
differences between the components of the model and the
mean of the model.

The overall procedure can be summarized in the simpli-
fied protocol presented below and illustrated in the scheme in
Fig. 1.
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Simplified protocol

1. Fabricate probe NPs (covalently attach antibodies to
small (e.g., 10 nm) NPs).

2. Add a tenfold excess number of probe NPs to the
analyte NPs.

3. Incubate at room temperature for 1 h, or at 4 °C for 24 h.

4. Place a 20 uL droplet onto an aminosilane-functionalized
silicon wafer chip (e.g., 5 by 5 mm) at room temperature
for 10 to 30 min.

5. Rinse wafer chip with filtered DI water; dry with com-
pressed filtered air.

6. Collect AFM images from multiple locations on chip.

7. Identify the probe/analyte NP ratio for each assembly
imaged.

8. Create a histogram from N>100 assemblies.

9. Generate SD=0 reference curve data using MATLAB
script “ReferenceCurveGenerator.m,” entering in pa-
rameters for diameters of antibodies and ligand proteins
and number of ligands in lines of code 6-10 and
commenting out ‘for’ loops appropriately in lines 29—
49 and 59-81 (see Electronic supplementary material).

10. Generate SD=X (X=1, 2, etc.) reference curve data
using the Excel spreadsheet approach identified in the
Electronic supplementary material.

11. Fit reference curves to data using MATLAB script
“FitQIdata3.m” for a single column of data, or
“FitLostOData.m” for many data sets (see Electronic
supplementary material).

Results and discussion

Figure 2 illustrates some of the challenges to quantitative
interpretation of AFM immunostaining results and how they
can be overcome. Specifically: (1) epitope orientation with
respect to the surface is likely a distribution, thereby reduc-
ing the number of times monoclonal antibodies would rec-
ognize the analyte biomolecules; (2) IgG molecules can bind
up to two analyte molecules; (3) the IgG molecule is often
much larger than the analyte molecule, thereby potentially
physically or sterically blocking other HRP molecules from
binding antibodies; and (4) when several target molecules
are in close physical proximity to one another on the analyte
NP surface, the first probe NP in close proximity could
potentially sterically hinder a precise 1:1 binding of subse-
quent probe NPs to analyte molecules.

The model in this work overcomes these challenges by
making three previously reported assumptions [26] (1-3),
and two new ones (4-5): (1) an HRP analyte molecule will
attach with a random distribution of locations on the analyte

NP surface, (2) the self-assembled probe NP+analyte NP
structures deposit onto the AFM substrates with random
orientations, (3) only half of the bound probe NPs will be
imaged as AFM is a topographic technique, (4) at least one
epitope is always oriented away from the analyte NP surface
and thus available for antibody binding by the probe NP, and
(5) the physically larger size of an antibody could sterically
block multiple ligand molecules in close proximity on the
analyte NP surface from each being recognized by one
antibody each.

The two new assumptions, (4) and (5), are added to address
the previously ignored challenges. Assumption (4) addresses
challenge (1) through the use of polyclonal antibodies. A random
molecular orientation of HRP molecules relative to the analyte
NP surface can be accommodated by using polyclonal antibodies
since it is more likely an antibody will find an epitope on the
HRP molecule that is “face up” if there are multiple epitopes that
can be recognized. Assumption (5) addresses challenges 24,
because each of these mechanisms can be treated identically
mathematically. Each HRP molecule is assigned a position co-
ordinate on the surface of the analyte AuNP. As the antibody
binding matrix is analyzed, the position coordinates of the pre-
vious ¢ spaces are examined, where ¢ represents the number of
binding sites sterically blocked by challenges 2—4. Only if all ¢
neighboring spaces are “empty” (i.e., 0) will the HRP molecule
position be populated in the binding matrix as having a probe NP
bound (i.e., 1). By explicitly solving for all possible combinations
of position coordinates, a series of reference probability curves
was created.

Example reference curves are provided in Fig. 3a for
30 nm analyte NPs for N,,qe ranging from (2+1) to (8+1)
HRP ligands per analyte NP. It is interesting to note that the
average value for the new models increase less rapidly than a
Pascal’s triangle model does (Fig. 3b). This is increasing
deviation between the naive statistics ,and the more physi-
cally realistic models is due to the increasing probability that
one or more HRP molecules will not be recognized by a
probe NP, for all of the challenges identified previously. It is
speculated that the slope of such plots could be used in the
future to determine the suitability of detection response for a
given combination of analyte NP, ligand molecule, and probe
NP sizes and perhaps predict the upper bound for measuring
NLig by quantitative immunostaining.

The role of the ligand size to the nanoparticle size is exam-
ined in Fig. 3c. Reference distribution curves for a range of
analyte NP diameters from 15 to 60 nm were calculated for
Nmodet=5+0 HRP ligands per analyte NP. As the analyte NP
diameter increases, so does the likely space between the ligands
on the surface. This space in turn leads to a greater likelihood
that all ligands on the surface will be recognized by one probe
NP, as evidenced by the reference curve for a 60 nm analyte NP
approaching the Pascal’s triangle probability. Recognizing the
challenges of intercomparing sizing results of NPs [33, 34] and

@ Springer
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the propensity of NPs to agglomerate in biological media
[35-37], the authors recommend using a measured diameter
of the analyte NPs for AuNPs based upon the metallic Au core
diameter (such as from AFM, TEM, or small-angle X-ray
scattering), as opposed to a hydrodynamic diameter (such as
from DLS or nanoparticle tracking analysis), when inputting
the analyte NP diameter into the statistics calculations.

Having now gained an understanding that it is best to
calculate the reference curves for the given analyte NP, ligand,
and probe NP diameters in the system being analyzed, a few
brief examples will be provided on how to interpret actual
results. First, previously reported data [26] is re-analyzed, and
a comparison of the old and new models for data on 60 nm Au
analyte NPs with Ny j,=10 is shown in Fig. 4a. By combining a
weighted average of two reference curves (80 % Ny =8+£2,
20 % Nmode=2=£1), the residual drops from 0.52 for the old
monomodal model to 0.07 for the new bimodal model. The fit
mean value of ligands bound per analyte NP predicted by the
new model also increases to 6.8, from 6.0 using the old model,
in closer agreement with the theoretical yield of this reaction’s
stoichiometry.

New datasets were also collected as examples. Here,
analyte NPs were fabricated by conjugating HRP to either
30 nm (Fig. 4b—c) or 60 nm (Fig. 5) diameter AuNPs (HRP-
AuNPs) in a variety of solution stoichiometries. Figures 4b—
c analyze the products from two separate synthesis batches of
30 nm HRP-AuNPs with Ny j,=10. In the first batch
(Fig. 4b), Npodger=7=£2 fits the data well with a residual of
0.13. However, in the second batch (Fig. 4c), a weighted
average of two models fits the data better, 30 % Npoge1=7=£1,
70 % Nmoder=9%1, with a residual of 0.15. This bi-modal
model yields a lower residual compared with either the
mono-modal Np,oqe=8+1 or the mono-modal N,oq0=9+1
models shown as dashed lines.

Figure 5 shows a series of 60 nm HRP-AuNPs with
Nvrig=5, 7, and 12, respectively. A bi-modal distribution fit
provided reasonably low residuals in each case. For Ny ;=5
(Fig. 5a), 60 % Npyoqe1=2%1, 40 % Nyoge=5%1 yielded a
residual of 0.22 and a fit mean of 3.2. For Ny j,=7 (Fig. 5b),
50 % Nimode1=5%1, 50 % Npoder=8=1 yielded a fit mean of
6.5 and residual of 0.15. For Nij,=12 (Fig. 5c¢), 30 %
Nmoger=4%1, 70 % Npoger=9=£1 yielded a fit mean of 7.5
and residual of 0.12. The fact that multimodal models fit the
data best reiterates the fact that stochastic reaction processes
are taking place during the synthesis of the HRP-AuNPs and
yields a distribution of HRP: AuNP ratios within the product
with a given mean and standard deviation [18].

From data analysis of the quantitative immunostaining
AFM images, it is possible to calculate the reaction yields,
represented as the fit mean divided by N, The reaction
yields are reasonably comparable to those predicted by so-
lution stoichiometry, ranging from 62 % to 93 %. The overall
trend of the data in Figs. 3 and 4 suggests increasing the

amount of ligand in the reaction increases the final ligand
loading on the particle. This illustrates the types of studies
that are enabled by this approach; however, more datasets
should be collected before such a trend can be confidently
applied to broader situations based on the data reported in
this work.

The quantitative immunostaining by AFM technique’s
true strength lies in its ability to resolve quantitatively
the number of ligands on single NPs, while providing a
metric to compare with the integrative techniques with
the fit mean value. The refined models presented in this
work provide higher confidence when interpreting quan-
titative results, especially in regards to assessing the NP
to NP heterogeneity of number of ligands actually bound
to the NP surface. Multimodal distribution models pro-
vided a better fit than any broad mono-modal distribution
could for all but one of the example datasets collected in
this work. This novel measurement approach confirms
there is clearly a heterogeneity in the distribution of
observed Nij, values and that this heterogeneity is likely
greater than previously assumed.

Conclusion

A refined probabilistic model has been developed, to im-
prove the quantitative interpretation of immunostaining re-
sults when assaying for the number of biomolecules conju-
gated to a NP surface. Key assumptions from previous
models and additional new assumptions to account for steric
constraints and system geometries were combined into this
new model. Sample data sets were analyzed with this new
model and found to agree reasonably well with expected
solution chemistry reaction yields. Comparisons to previous
models and datasets revealed that this new model can pro-
vide quantitative results closer to solution stoichiometries.

Future work should explore even more subtle details of
the statistical calculations. For example, it is more physically
realistic to assign coordinates for each surface Au atom that
could serve as the bonding atom for a ligand molecule.
Additionally, assigning a binding probability coefficient fac-
tor, ranging from O for completely blocked Au atoms up to 1
for Au atoms far enough away that no repulsive forces
between ligands (electrostatic, steric, or otherwise) will be
present, would enable a more “fine-grained” approach that
was found to be too computationally intensive for the routine
desktop PC user implementation proposed here. Access to
greater computational resources employing fine-grained ap-
proaches could provide useful reference curves for the field
that would only need to be calculated one time and model
even more physically realistic situations occurring on NP
surfaces.

@ Springer



R.I. MacCuspie, D.E. Gorka

Fig. 4 a Previously reported

60 nm Au analtye NPs with
Niig=10 data (squares) and model
(triangles) (Geronimo et al. [26])
and new model (circles) using bi-
modal distribution of 80 %
Nmodel=8i2, 20 % Nmodd:z:tl.
Fit mean=6.8. Residual of old
model=0.52, residual of new
model=0.07. b 30 nm Au analyte
NP with Ny ;,=10 HRP, batch #1,
observed normalized data, and
model fit. Nyoga=7%£2,
residual=0.13. ¢ 30 nm Au analyte
NP with Ny ;,=10 HRP, batch #2.
Fit is bi-modal distribution, 30 %
Nmodcl:7:t la 70 % ]vmodclzgil-
Fit mean==8.4, residual=0.15.
Dashed lines sShow Nppoqe=8+1and
Nioder=9% 1models to illustrate
utility of bi-modal models
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Fig. 5 The 60-nm Au analyte
NPs with HRP and bi-modal
distribution fits. a Np;,=5. Fit is
60 % Nmode1:2il, 40 %
Nimodei=5%1. Fit mean=3.2,
residual=0.22. b Ny ;,=7. Fit is
50 % Nmodelzsila 50 %
Nmodge1=8%1. Fit mean=6.5,
residual=0.15. ¢ Ni;,=12. Fit is
30 % Nmoger=4=1, 70 %
Niodei=9%1. Fit mean=7.5,
residual=0.12
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