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Abstract

The corona phase—the adsorbed layer of polymer, surfactant or stabilizer molecules around a
nanoparticle—is typically utilized to disperse nanoparticles into a solution or solid phase.
However, this phase also controls molecular access to the nanoparticle surface, a property
important for catalytic activity and sensor applications. Unfortunately, few methods can directly
probe the structure of this corona phase, which is subcategorized as either a hard, immobile corona
or a soft, transient corona in exchange with components in the bulk solution. In this work, we
introduce a Molecular Probe Adsorption (MPA) method for measuring the accessible nanoparticle
surface area using a titration of a quenchable fluorescent molecule. For example, riboflavin is
utilized to measure the surface area of gold nanoparticle standards, as well as corona phases on
dispersed single walled carbon nanotubes and graphene sheets. A material balance on the titration
yields certain surface coverage parameters, including the ratio of the surface area to dissociation

constant of the fluorophore, LD as well as Kp itself. Uncertainty, precision, and the correlation of

these parameters across different experimental systems, preparations, and modalities are all
discussed. Using MPA across a series of corona phases, we find that the Gibbs free energy of
probe binding scales inversely with the cube root of surface area, g. In this way, MPA is the only
technique to date capable of discerning critical structure-property relationships for such
nanoparticle surface phases. Hence, MPA is a rapid quantitative technique that should prove useful
for elucidating corona structure for nanoparticles across different systems.
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Introduction

Nanoparticle dispersions represent a significant processing route for nanomaterials.
Examples include the exfoliation of 2D materials from their bulk counterparts?, dispersion
of nanowires from as produced bulk solids?—4, solvothermal synthesis of inorganic
nanocrystals® © and carbon dot’ 8, and newly emergent covalent organic framework (COF)
materials produced by organic synthesis® 19, In the solution phase, these materials invariably
form a layer of adsorbed molecules called a coronaaround the particle. When covalently
bound, as in the case of an inorganic nanocrystal, this phase is called capping chemistry. The
surface coverage of these phases generally ranges from sparse, as in the case of poly
ethylene oxide stabilized particles to nearly impenetrable, as in the case of some tightly
bound polymer wrapping around carbon nanotubes!®. There is currently an absence of
techniques to probe the corona phase and its surface area coverage directly despite its
importance for catalytic activity at the nanoparticle surface!? 13, nanosensor responses!4-17,
and optoelectronic properties!8 19, In this work, we introduce a new Molecular Probe
Adsorption (MPA) method capable of measuring the nanoparticle surface area underlying
the corona phase by titration with a quenchable fluorescent molecule. Using MPA, we
measure the surface areas of a wide range of complex nanoparticle samples and discuss
correlations with the properties of the corona phase.

Poly-disperse materials, including single-walled carbon nanotubes (SWNT)2%: 21 and
exfoliated 2D materials such as graphene?2: 23 and graphene oxide?* present several
challenges for corona phase characterization. As an example, SWNTs have been the subject
of several studies investigating dispersion methods, including those using surfactants and
single stranded DNAs.2>-27 SWNT corona phases are utilized to produce molecular
recognition sites in a technique called Corona Phase Molecular Recognition (CoPhMoRe),

Nano Lett. Author manuscript; available in PMC 2020 May 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Park et al.

Page 3

yielding molecular sensors with high selectivity.15: 28-32 The specific structure of the corona
phase has been shown to control molecular interactions among other colloidal properties.
However, there exist few techniques to characterize the structure of the nanoparticle corona
phase in general. In previous work, our group introduced an approximate model of surface
specific for SWNT only using nIR solvatochromism to yield an estimated surface area.33
However, it is limited in accuracy as it requires a dielectric model of the corona, and does
not extend to nanoparticle broadly.

Several characterization methods that estimate the surface area unique to metallic
nanoparticles have been developed. DNA-functionalized gold nanoparticles are routinely
characterized by fluorescence and UV absorption spectroscopy.34 3% The numbers of
fluorophores attached to DNA and gold nanoparticles (AuNPs) are measured, yielding a
surface density in terms of molecules of DNA/cm2.34 In addition to DNA immobilized
nanoparticles, enzyme-metallic nanoparticle conjugates have been investigated.36-39
Kozlowski et al. reported the molar ratio of bound protein to the AuNPs and relative surface
coverage through fluorescence measurements combined with UV-vis spectrophotometry,
dynamic light scattering (DLS), and circular dichroism spectroscopy (CD).3°
Characterization studies of non-metallic nanoparticles coated with capping molecules have
also been reported using a wider variety of techniques.49-43 Cedervall et a/. applied
isothermal titration calorimetry (ITC) to measure the surface coverage of proteins on the
copolymer nanoparticles due to physical adsorption.#0 Most nanoparticle surface
characterization methods focus on a spherical assumption, which simplifies the analysis
compared to other geometrical forms. Such methods only apply to particles with defined
capping ligands, and necessarily require additional chemical steps for sample preparation,
hindering high efficiency throughput.

In the present work, we address these limitations and introduce a MPA technique to
determine the accessible surface area of the nanoparticle corona without altering the
chemical nature of the encapsulating phase. Characterization of nanoparticles with various
geometries—spanning spherical (AuNPs), cylindrical (SWNT), and 2-dimensional nano-
sheets (graphene)—are reported using MPA. This method focuses on the adsorption of probe
to accessible areas of the corona, which induces a quenching of the probe fluorescence in a
manner proportional to the exposed surface area.** A probe adsorption site balance is
employed in which the accessible surface area of the nanoparticle depends explicitly on the
surface coverage, g, along with the dissociation constant of riboflavin to the accessible sites
of nanoparticles, Kp. These two key parameters, gand K, represent the extent of how
much dispersant molecules are covered on the nanoparticle surface and the equilibrium
constant of riboflavin unbinding from the accessible sites on the corona, respectively. High

ratios of KL’D predict greater availability of adsorption sites for riboflavin to adsorb within the

corona phase, implying a loosely packed layer of polymers in the corona. This simple,
quantitative technique provides a way of understanding the structure-property relationships
of the nanoparticle corona.
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Results and Discussion

Development of the site balance of probe adsorption on the nanoparticle surface

For the general case of a water soluble probe molecule in solution with a nanoparticle
dispersion, there are three phases in which the probe can exist assuming that it has an
affinity for the underlying particle. In addition to free, unbound probe in solution, there can
exist probe molecules adsorbed to the regions of the nanoparticle uncovered by the corona.
In cases where the system has free surfactant or polymer unbound to the nanoparticle
surface, the probe can also partition into or onto such phases.

We have selected the molecule riboflavin for demonstration of the technique, although any
fluorescent molecule can work in theory (Supplementary Figure 1). Riboflavin as a probe

has particular affinity for nanocarbon based surfaces via - 1 stacking, and it has a visible
fluorescence that make it useful as a tracer or label. In the development below, we refer to

riboflavin as the probe, understanding that it can be substituted for another.

Assuming a type 1, Langmuir isotherm, the amount of quenched probe due to the
nanoparticle corona, Cprope e, is calculated using three parameters: the probe dissociation
constant K, the surface coverage of adsorbed probe g, and the concentration of
nanoparticles in solution Cpp. The resulting mass balance for the probe yields:

Cprobe

Cprobe, Ne=qCnp C

———— 1
probe + KD M

Here, Cprope is the unbound concentration of probe in solution. Similarly, the amount of
probe adsorbed to any free polymer or surfactant phases, Cprope pos IS also calculated as:

Chrob
probe
Cprobe, pol = qpalcpolc (2

probe + KD, pol’
where gy,/is the number of vacant site per number of polymers; Kp ;0/is the dissociation
constant of probe interacting with polymers; Cj,is the concentration of polymers.
Combining all three cases yields the total adsorption site balance:

Cprobe +4C Cprobe

C C —PP* __ _C
probe T dpolC pol Cp NP Cprobe +Kp total (©)]

The value of Cpope can be measured using a calibration curve of fluorescence and probe
concentration. For riboflavin, CyyzyWas set between 0 uM and 5 pM.#° It is reasonable to
assume that Kpis roughly independent of the corona, an assumption that can be re-
examined later. Additionally, the value of Cpjpcan be calculated indirectly using Beer’s law
or directly via single particle tracking.#6: 4" The other parameters, gyo1 Cporand Kp pos are

dpol Cpol

lumped into a parameter
P P KD, pol

assuming that Kp, posare an order of magnitude higher than

Corobe- Equation (3) can be simplified as:
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Cprobe ‘Ipolcpol C

9Cnp C = Crotal — Cprobe - Kb, pol probe = 4, 4
> PO

probe + Kp

where the left-hand side represents the Langmuir adsorption of riboflavin to nanoparticles
and the terms of the right-hand side are set equal to some constant A. Inverting Equation (4)

. . . . c
demonstrates a linear relationship between the reciprocal of Cppe and #:
Cnp Kp 1 1 ‘Ipolcpol
A q Cprobe + E A = Copa) — Cprobe - KD, ol Cprobe~ (5)

This allows for linear regression of riboflavin titration data, with the linearity confirming the
. K
accuracy of the adsorption model. The parameters TD and % exactly represent the slope and

y-intercept respectively.

In the site balance, it was assumed that Kp was independent of the corona. Riboflavin
binding may be dominated by its interactions with the nanoparticle surface, yielding a Kp
value that is constant across different corona for the same nanoparticle. In reality, the corona
itself can affect the probe through steric or other molecular forces and may subsequently

influence Kp. It will therefore be of interest to examine K—"D for a given system, and, when

possible, examine K for the given probe. Variation in the latter can reveal additional
information about the binding site via its affinity for the probe.

Demonstrating the MPA technique for various nanoparticle systems

To test the efficacy of MPA on nanoparticle systems with different geometries, we examined
AuUNPs, SWNTSs, and graphene with a fluorophore probe. The same amount of riboflavin
was added to different concentrations of nanoparticles, and fluorescence spectra of
riboflavin were collected (Figure 1a—c). When the probe is adequately selected, riboflavin
intensity quenching is evident. The results prove there is an interaction between the probe
and the nanoparticle system. In the case of AuNPs, the results are in agreement with
previous studies of fluorescence resonance energy transfer (FRET).#8 In the case of SWNTSs,
the results are also in agreement with previous studies showing that riboflavin quenches the
nIR fluorescence of SWNT in a variety of corona phases.*® Figure 1a—c verify that the
riboflavin probe adsorbs and is quenched by the three types of nanoparticle surfaces
examined in this work. In contrast, polystyrene demonstrated no quenching of the riboflavin
(Supplementary Figure 2).

A calibration curve of riboflavin concentration vs. fluorescence intensity was used to
calculate the concentration of the free probe for the three different nanoparticle systems in
three different environments: reference solution, free polymer solution, and free polymer
containing nanoparticle solution. In the case of corona phases composed of small molecule
(anionic or cationic) surfactants, the concentration of surfactant is often above the critical
micelle concentration (CMC), preventing removal of the free corona-forming molecules.
The strategy of subtracting the ‘free polymer’ probe effect illustrated above appears to work.
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Figure 1d shows the fluorescence change of riboflavin in case of single strand (GT)15 DNA
wrapped SWNT corona phases as an example. The fluorescence intensity of the riboflavin
probe decreases when the reference is compared to the ‘free polymer’ solution and further
with the SWNT-containing solution throughout the range of riboflavin concentration. One
observes that riboflavin adsorbs to quenching surfaces found from both the SWNT and
polymer phases, amenable to quantitative calculation. Similar plots for SWNT with different
corona phases were generated (see Supplementary Figure 3) with varying extents of
quenching for each (analyzed in more detail below.) In the case of SWNT, one can observe
the molecular interaction between nanoparticle and probe in two different ways: in addition
to the riboflavin quenching, the corresponding nIR fluorescence quenching of the SWNT
(Supplementary Figure 4) can be observed and compared, as we analyze below.

MPA applied to spherical gold nanoparticles (AuNPSs)

The surface area of spherical nanoparticles was first measured using MPA method and the
results were discussed in details. The AuNPs have advantages of their uniform spherical
structures whereas the conformations of SWNTSs or graphene are dependent on either
sonication or centrifugation process. 10nm citrate-capped AuNPs were chosen and the
surface area obtained from MPA method was compared with the known geometric surface
area. Varied concentrations of probe, which is riboflavin in this study, were added to the
nanoparticle solution and the fluorescence of riboflavin corresponding to each concentration
was collected (Figure 2a). Fluorescence quenching was observed for all concentrations of
riboflavin, and the MPA site balance model in Equation (6) was fitted to the data (Figure
2b). It is well-studied that quenching by AuNPs is caused by both dynamic and static
quenching®® and it was assumed that the static quenching is dominant. In other words, probe
quenching occurs due to contact interaction between the riboflavin and the AuNPs, rather
than nonradiative energy transfer.

C robe
Cprobe + QAuNPCAuNPC L = Crotal (6)

probe + Kp

Both g4 npand Kpwere obtained from the fitting and the g4, Was then used to calculate
the surface area as shown in Equation (7).

Surface area % C % L % Surface area % .
AUNP particle _ 4uNP * ©AuNP ” A NP particle © Riboflavin AV @

Here, it is assumed that the riboflavin adsorbs in a lateral direction and that its areal size is
0.623nm?2, which is estimated using its molecular weight and density. The calculated surface
area from ga, npis 323nm? whereas the calculated spherical surface area is 314nm?,
demonstrating good agreement. We note that the citrate capping molecules surrounding the
nanoparticles may result in small deviations from the geometric area. Nevertheless, the
result from the MPA technique represents a rapid calculation that differs in this case by only
2.9%. The agreement of calculated area and geometric area of 10nm AuNPs validates that
the technique can yield quantitative information about the surface area of nanoparticles.
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Characterization of surface coverage of SWNT corona phases

Similar to other nanoparticles, the size distribution of SWNT corona phases has been
conventionally characterized by AFM and cryo-TEM. In parallel, their conformation has
been studied mainly by molecular dynamics simulation, but there has been lack of
experimental method to determine it. Unlike AuNPs which was possible to validate it by
comparing the calculated surface area and geometrical surface area, it is challenging for
SWNT nanoparticles to demonstrate it. Instead, we explored different SWNT corona phases
to validate the method and explore the connection between the surface coverage parameters
and structure of wrapping molecules surrounding SWNT surfaces.

Total eleven corona phases were selected (Table 1), which are mainly categorized into three
groups: surfactants, high molecular weight (MW) polymers, and single strand DNAs
(ssDNAs). The surfactants include sodium dodecyl sulfate (SDS)2°, sodium cholate (SC)?7,
and sodium dodecyl benzenesulfonate (SDBS)2®, which have been widely studied in the
context of SWNTs and are known to form micelles. A mixture of SDS and SC was also
tested to compare how much the surface coverage parameter changes compared to the pure
surfactants. The second group consists of polystyrene sulfonate (PS) of which molecular
weights are 70,000g/mol (PS 70k) and 200,000g/mol (PS 200k), chitosan®! and

dextran3L: 52- Discussion of PS corona phases with different molecular weights addresses the
polymer length as one of parameters affecting the surface coverage of SWNT corona phase.
The ssDNA group includes (GT)1s, (AT)15, and (GTTT)7, which are well known to
hybridize on the surface of SWNTs.53: 54 These three sequences were chosen to elucidate the
extent to which the order of oligonucleotides affects the adsorption to the SWNTSs. All
SWNT corona phases were characterized by UV absorption spectra (Supplementary Figure
5) and nIR fluorescence spectra (Supplementary Figure 6).

All corona phases showed linear fitting with R? value (> 0.98) to the adsorption site balance
(Figure 3). The linearity of the fit implies that the probe adsorption conforms to the
Langmuir isotherm from which the adsorption site balance equation was derived. The slope

(inverse of KiD) is apparently constant throughout all concentrations of riboflavin added.

This necessarily excludes possibility of corona rearrangement or displacement due to the
probe adsorption and available interaction sites for the probe are conserved for the cases

considered in this work. A wide range of KLD values approximately from 440 [M~1] to 2950

[M~1] demonstrates that surface coverages of corona phases are diverse. The higher value of
g indicates that the corona phase is covered by the polymers in a loose way and has more

available sites for the riboflavin to adsorb. It can be interpreted to KLD in the same manner by

our assumption that K is same regardless of corona phases.

The corona phases categorized into three groups can be clearly distinguished based on the
values of slope (Figure 3a—c). The ssDNA group among eleven corona phases exhibits a

higher slope (i.e., smaller values of K—"D) compared to the other two groups (Figure 3a). In

fact, (GTTT)7 hybridization showed the highest corona adsorption among ssDNA cases,
followed by (GT)15 and (AT)15 hybridization. Considering the chemical structures of

Nano Lett. Author manuscript; available in PMC 2020 May 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Park et al.

Page 8

adenine (A), guanine (G) and thymine (T), increased hydrogen bonding between A and T
may disrupt the uniform wrapping of (AT)15 sequences on SWNT surface, resulting in less
corona coverage compared to (GT),5 and(GTTT)7. We previously estimated the relative
surface coverage of HIPCO SWNT wrapped by 9 different ssSDNA sequences using a
method based on the nIR fluorescent solvatochromic shift, as outlined in Bisker et a/. This
previous work estimated a reverse order where DNA surface coverage descends in the order
of (GT)15, (AT)1s, and (GTTT)7.32 The solvatochromic shift method relies on a precise
estimate of the effective dielectric constant of the DNA sections in contact with the SWNT.
Without more precise estimates, this was assumed to be constant for all DNA and SWNT
chiralities, and sequence independent. It also assumes that there is one surface coverage
parameter for all SWNT diameters, lumping subtle changes in coverage into one estimate.
The MPA method introduced in this work, in contrast, necessarily yields a more accurate
measure of the surface coverage, independent of estimates of corona phase properties. It will
be possible to explore corona phases that differ by chirality due to curvature and lattice
alignment, as we have recently observed for the adsorption of ssSDNA.%4

The surfactant group of corona phases showed the second highest slopes following sSDNA
group (Figure 3b) and the high MW polymer group had the lowest slopes (Figure 3c). SDBS
had the highest surface coverage among the surfactant group possibly due to the
hydrophobic interaction between its benzene rings and the SWNT surface. The PS 200k-
wrapped corona and PS 70k wrapped corona ranked the highest and lowest surface covered
corona phases among the high MW polymer group.

From Figure 3, it is notable that the fitting results of each group are clustered together in a
distinct way. This evident clustering can be attributed to their respective dispersion
mechanisms. Historically, a number of studies have discussed the dispersion mechanism of
surfactants. In surfactant groups, all three anionic surfactants discussed in this study, SDS,
SDBS and SC, have been known to form micelles consisting roughly 55, 61, and 4-16
molecules, respectively.55-57 Although the sizes of micelles differ, these surfactants share a
common dispersion mechanism, leading to the medium interaction with SWNTSs.

On the other hand, DNA can be characterized as having a high degree of interaction with
SWNTs. DNA molecule consists of phosphate backbone, sugar rings and nucleobases. Since
the bases are located relatively far from the phosphate backbones, there is a low steric
hindrance between the SWNT and the DNA backbone. The higher accessibility of bases to
the SWNT surface leads to its higher DNA surface coverage. These corona make up the
most densely packed of those studied in this work (Figure 3a).

In contrast, the high MW polymers considered in this work appear to have more rigid
backbones compared with DNA, and are therefore constrained in their ability to conform to
the carbon nanotube surface. This seems to result in a lower polymer coverage and higher
measured MPA surface area, g. Unlike DNA oligonucleotides, the more rigid backbones of
the high MW polymers considered in this work are the site of interaction with the SWNT.
Consequently, the distance between the hydrophobic domains along a backbone is
necessarily shorter. It appears consistent that the high MW polymers in this work resulted in
the highest exposed surface areas, g, on SWNT.
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We also find that high MW polymers exhibit a wide range of SWNT coverage values, as
indicated by the spread of slope values exhibited in Figure 3c. The chemical nature of the
polymer backbone can either impede or promote efficient adsorption and packing on the
surface. The persistence length or flexibility of the polymer is a significant consideration,
with stiffer polymers having persistence lengths®8 larger than the tube diameter and leading
to less polymer surface coverage (higher ¢). However, in the cases of PS 200k and chitosan
have similar chain lengths, but the polymer coverage of PS 200k is much higher (smaller g)
than that of chitosan. It is noteworthy that the backbone displays pendant aromatic rings
capable of w- 1 stacking with the SWNT surface, while chitosan does not explain the
difference. While persistence length of the adsorbed polymer on the nanoparticle surface is
difficult to measure directly, the surface area measurement may provide an indirect measure
for comparison with mechanical models of the polymer.59: 60

Comparing the data on a log-log plot provides an aid to visualize the span of surface
coverage values, g, (Figure 3d) as well as conformity to the Langmuir isotherm. The y-

intercept corresponds to the inverse of KLD’ which is the measured surface coverage exposed

to the probe on the particle. A smaller value of KLD corresponds with high corona phase

coverage, so that the magnitude of y-intercept is directly proportional to the degree of this
coverage, assuming equivalent probe binding strength (Kp). The (GTTT)7 corona phase has
the highest y-intercept and therefore the highest corona (DNA) surface coverage of the set
among the eleven corona phases. In contrast, the PS 70k corona phase exhibits the lowest y-
intercept and sparse polymer surface coverage, for the reasons discussed above.

In order to test the robustness of the method, we prepared several independent batches of

each corona phase and the KiD parameters were statistically examined. Average values

ranged from 390 [M~1] to 2890 [M~1] (Figure 4a). Consistent with the result from Figure
3d, the ssDNA corona phases have lowest values compared to other two groups where the
high MW polymers had the highest values. Neither order nor parameter values of eleven
corona phases were affected by the batch to batch variability, indicated by error bars (Figure
4a). Most of the corona phases showed batch-to-batch consistency indicated by small
standard deviations. Notably, however, the corona phases wrapped by a mixture of SDS and
SC (SDS+SC) exhibited a relatively high standard error. It is known that the two surfactants
compete to adsorb to the SWNT surface in the system where the SDS is mixed with the bile
salts®, This variability in the probe surface area may reflect that the corona is only meta-
stable, changing slowly over time as the SDS and SC surface concentrations vary.

The MPA technique allows us to examine the effect of polymer chain length on the surface
coverage of the resulting corona phase. Two different lengths of polystyrene sulfonate
chains, 70kDa (PS 70k) and 200kDa (PS 200k), were explored and the results indicate that
the short polymer (PS 70k) wraps SWNTs more loosely than the longer polymer (PS 200K),
since the former has much greater probe surface area, g. Long polymer chains can adsorb
with more mass per unit length than their smaller counterparts if they are not restricted to
monolayer coverage. The polystyrene sulfonate backbone is negatively charged, and at low
to moderate ionic strength should be rigid, but a longer polymer may be able to attach at a
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greater number of points given this. O’Connell et a/. studied the effect of polymer length by
polyvinylpyrrolidone (PVP), and concluded that longer polymers were likely to entangle on
the surface of SWNT, and this appears to be consistent with our findings.®2 O’Connell et al.
also assert that charged polymers like PS utilize a distinctly different wrapping mechanism
from PVP, but we observe that the effect of polymer length applies for charged and neutral
polymers. The comparison between PS 70k and PS 200k corona is instructive in that length
has just as great an influence as polymer composition when it comes to the extent of surface
coverage of the resulting corona phase.

Using MPA to probe surfactant exchange methods

Surfactant exchange using dialysis is a widely used technique for forming a corona phase
when the sample cannot be ultra-sonicated or ultra-centrifuged directly. Here, the sample is
first suspended in a sacrificial corona such as SC or SDS and placed in a dialysis bag along
with the component of the final wrapping, such as a protein or polymer.31 Successive
exchanges of the external buffer phase outside of the dialysis bag lowers the surfactant
concentration in the interior as the molecules slowly leach out. This allows for the final,
desired wrapping to finally adsorb to produce the target product. The technique is useful but
the time required to reach the final endpoint of exchange is often variable and ambiguous,
given the slow time constants involved for exchange. We explore the products of this process
using MPA, showing that the resulting probe surface area can be a clear quality control
metric for the final phase.

Several batches of dextran/SWNT corona phases were prepared by dialysis and we see a
high degree of variability in the resulting MPA surface area parameters, reflected in a large
standard deviation (Figure 4b). Indeed, MPA shows that two surface area limits are produced
from the dialysis method for dextran corona: high and low polymer surface coverage. When
dialysis results in complete removal of the sacrificial phase, the corona surface area show
sparse coverage of dextran, consistent with other polymers. The high polymer surface
coverage limit results when residual surfactant occupies otherwise free surface for probe
adsorption. This interpretation is supported by very narrow confidence intervals for either
case. We conclude that MPA may be useful tool for quality control for suspension methods
in this way.

Comparison of MPA with intrinsic fluorescence-based measures of probe adsorption

MPA does not require one to monitor the optical response of the underlying nanoparticle, but
a fluorescent substrate that quenches in response to the probe offers an opportunity to
compare the adsorption isotherms. Semiconducting SWNT fluoresce in the nIR and provide
just such an opportunity to independently compare the dissociation constant for probe
binding, since fluorescence quenching can also be used to determine the surface coverage of
the probe independently. As an example, one can then compare the K sy from nIR
fluorescence versus the MPA result. The Langmuir adsorption model in Equation (8) can be
related to SWNT fluorescence intensity to yield another measurement of K g7 for the
same probe (Table 2)
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In—-1 —A Criboflavin ®)
Iy Criboflavin + Kp, sSWNT

We find that the nIR fluorescence quenching of SWNT in response to the riboflavin probe
(Figure 5a) appears well described by the same Langmuir adsorption model used for MPA.
The resulting Kp, sy values as determined from this quenching appear in Table 2 and
should be distinct from those measured from MPA. The former experiment monitors only
semiconducting SWNT that are individually dispersed and non-defective or fragmented. On
the other hand, MPA measures the adsorbed surface area of the entire sample, including
aggregates, carbon fragments, metallic nanotubes and bundles. Never-the-less, one can
compare the estimated parameters from Equation (8) (Kp sywrand A) with the surface

coverage parameter (KiD) for the same corona phase as measured by MPA. This correlation

was investigated using these two types of experiments on identical batches of the colloidal
dispersions. In Figure 5b, we find that the value of A versus the corresponding MPA value of

K—"D for the same sample shows no correlation (R? value = 0.25). Again, the latter necessarily

measures all of the probe adsorption sites and should provide a useful measure of sample
quality. There does appear to be a correlation (R? =0.77) between KLD from MPA and the

Kp,swnras measured by nIR quenching (Figure 5c). This is analyzed in more detail in the
next section.

It is also noteworthy that there was no observable nIR fluorescence change on SC, SDBS,
and PS 70k corona phases upon addition of riboflavin. This is another indication that the
MPA measurement provides orthogonal information about the corona structure. The
disparity suggests that riboflavin adsorbs in a configuration on these coronas such that it has
negligible interaction with the SWNT exciton. This would be the case for a binding domain
that involved more of the adsorbed corona and less of the underlying graphene lattice.

Structure-Property Relationships for Nanoparticle Corona

The results of MPA can be combined with other nanoparticle data to deduce important
structure-property relationships for corona for the first time. As an example, we posit that a
relationship between the available surface for probe adsorption, g, and the strength of probe
binding, as measured by the dissociation constant should exist across a range of similar
corona phases for a common nanoparticle substrate. Figure 6a—b illustrates this
mechanistically. At high values of g, the probe adsorbs via a surface interaction dominated
by the nanoparticle substrate alone (Figure 6b). Conversely, at low (probe) coverage (Figure
6a), the corona provides an additive attraction via Van der Waals bonding with the
encroaching corona, potentially decreasing the observed K. Alternative scenarios may
inhibit adsorption through steric interactions, changing the sign of the energetic contribution
below.

As suggested in Fig 6, we can deconvolute the free energy of adsorption of the probe to
surface and corona phase contributions: AGg face and AGyprons The former refers to the
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energy change upon probe adsorption to the nanoparticle surface. The latter is the adsorption
energy decrease due to the Van der Waals attraction between probe and corona. The total
free energy change of the system defines an equilibrium state, which can be related to the
probe adsorption dissociation constant, Kp:

RT ln(KD) = AGsurface + 4G orona 9)

where Rand T refer to the ideal gas constant and system temperature, respectively. As the
distance between the probe and the enclosing corona closes, the magnitude of 4G ,10na
becomes comparable to AGg, e cONtributing to a lower equilibrium dissociation constant.
We approximate the former as a sphere-surface interaction, with energy defined by the
Hamaker constant and a characteristic distance, D:

Arprobe

A Georona = — 6D A= 7T2Cp1/32 (10)

where A, 700 and Drefer to the Hamaker constant, radius of the probe approximated as a
sphere, and distance between sphere and surface, respectively.53 The Hamaker constant, A,
is determined by p; and oo which are the number of atoms per unit volume in two bodies,
and C, a coefficient in the atom-atom pair potential. In 3 dimensional space where the
nanoparticle is not covered by the corona, the volume of the vacant adsorption site, V/, cans
can be expressed as a function of ¢

Vovacant = thSprobepC (11)

Here, L and A refer to characteristic length of a cylindrical nanoparticle and height of corona
phase with Sppe and pc the adsorbed area of the probe and number density of carbon atom
on one nanoparticle, respectively. The volumetric space responsible for the interaction

between the two bodies is Viacans— Vprove @nd the distance, D, can be derived as

)”3. In the SWNT example, g can be calculated by multiplying MPA

(Vvacant — V probe
parameter (KLD) and dissociation constant from the SWNT PL isotherm (Kp sun7)

assuming the approximation that Kpis nearly equal to Kp sy The resulting relationship
emerges as:

Ar probe

RTI”(KD) = AGsurface -
6(thSprobepC — ¥ probe

)1/3 (12)

We further assume that Ve is small compared to Vyacanand simplify to:

AGgyr face _ A probe 1

173 173 (13)

In(Kp) =
RT  6RT(LhS,opepc)'” 4

Figure 6¢—d shows that this inverse ¢!/3 scaling describes the observed trend of In(Kp,swnt)
for a series of SWNT corona phases explored in this study remarkably well. Figure 6¢
applies this thermodynamic equilibrium model to all SWNT corona phases with a linear
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A”probe
ORT(LhS properc)
according to the correlation (Table 3). Calculations outlined in the supporting information
estimate this slope from system parameters as —0.15 in remarkable agreement with
observation. We conclude that this structure-function relationship is remarkably robust, and

correlation (R?=0.81). The slope should scale as

= with a value of -0.16

surface

- . . . AG
that others like it should exist for all nanoparticle systems. The Y-intercept, is

RT '
observed to be —11.97, such that the AGg £ is approximately —29 kJ/mol at 20°C. Yao et
al. explored the adsorption of methylene blue on the SWNT surface and the standard free
energy at 20°C from the thermodynamic analysis with experimental data was found to be
-11 kJ/mol, approximately 1/3 of the observed value.5* However, this experimental value is
well within the range of physical adsorption, providing a consistency check. It is also noted
that the attraction between the probe and the corona (AGyr0ng) COntribute to an energy
stabilization by an additional 23 % of AGg, £ce at maximum. Specifically, the adsorption is
energetically dominated by the nanoparticle surface as expected. On the other hand, in the
case of surfactant and sSDNA-SWNT corona phases, the free energy of the system is further
reduced by the attraction of the probe with tightly packed corona as well as with the SWNT
surface.

There are compelling reasons to exclude corona formed by small molecule surfactants. The
adsorbed surfactant phase, like the corresponding bulk micelle, is a transient structure
necessarily composed of a hydrophobic core and hydrophilic outer shell in an aqueous
phase. Adsorbed surfactant corona can form hemimicellar structures, cylindrical geometries,
or randomly adsorbed structures.%%: 66 Regardless of structure, surfactant molecules form a
dynamic equilibrium on the nanoparticle surface, in exchange with the bulk phase. Hence,
the surfactant formed corona phase does not adhere to the pocket-shaped binding model
characterized by V.40 Indeed, this appears supported by a notable increase in linearity,
and corresponding R? value, when the analysis excludes surfactants (Figure 6d and Table 3).
Overall, this analysis shows that the MPA technique outlined in this work provides
information of high enough quality for formulating and evaluating structure-property
relationships for nanoparticle corona, a longstanding goal of the field.

Extension to other probe molecules: fluorescein sodium

We examined the extension of MPA to another probe. Fluorescein sodium (NaFI) was
chosen and we explored the response to the PS 70k-SWNT corona phase. Both probes show
excellent linear regression with R2 (>0.99) to the adsorption site balance (Supplementary
Figure 1). This yields 2458.2 [M~1] and 2849.2 [M~1] as surface area values, in case of
riboflavin and NaFl, respectively (Table 4). The difference in the MPA parameters between
two probes is anticipated from the relative size of riboflavin to NaFIl. The surface area is
determined in units of probe number adsorbed to the nanoparticle surface, implying that
smaller probe should adsorb a larger population with a higher MPA parameter value. As a
first approximation, we can assume that the MPA surface area should be proportional to the
inverse of molecular weight of the probe. The ratios of q/KD between the two probes is 0.86
for riboflavin to NaFl, which is consistent with the inverse of molecular weight ratio of two
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probes (0.88). We conclude that the MPA method works properly with other probes such as
NaFl.

Characterization of MPA surface area of graphene

We applied the MPA technique to colloidally dispersed 2D graphene platelets as an example
of a challenging sample for corona phase measurement. Graphene samples dispersed using
SC (SC-graphene) and PVP (PVP-graphene) were prepared for comparison. They were
characterized by UV absorption spectra (Supplementary Figure 7).

We find, as shown in Figure 7, that MPA can distinguish significant differences between
corona, which may reflect differences in surface coverage for each graphene corona phase.
The surface coverage parameters were 215.6 [M~1] and 909.9 [M~1], from SC-graphene and
from PVP-graphene respectively. SC-graphene clearly shows higher coverage of the
surfactant phase than PVP-graphene for its polymer coverage, which match the trend from
the SWNT analogs. This difference is also expected given that polymer adsorption of such a
large molecular weight species has a reduced ability to pack tightly to block the probe.

Next, we compared two different nanoparticles covered by the same wrapping molecules.
The MPA surface coverage values from SC-graphene (215.6 [M~1]) and from SC-SWNT
(937.6 [M~1]) indicate that the wrapping molecules pack themselves more tightly on
graphene than SWNT. The difference in coverage can be attributed to the presence of
curvature of the nanoparticle surface. Specifically, the adsorption of the wrapping molecules
to the surface of cylindrical shaped SWNT appears to be hindered compared to the planar
graphene.

Conclusion

In the past decade, simulation tools have been applied to understand the adsorbed corona
phases on nanoparticle surfaces, identifying various mechanisms of wrapping and
structuring. These results strongly suggest that each nanoparticle/corona system has a
distinct surface coverage, or area of exposed nanoparticle surface capable of measurement. It
has been challenging to characterize the corona phase structure at the nanoparticle surface
due to issues with dilution, molecular mobility, and total radiation cross section. However, in
this work we introduce a Molecular Probe Adsorption technique based on fluorophore
quenching of a calibrated probe as a tool to study the bound surface area of the corona
phases at the nanoparticle surface. Our analysis does not rely on the photophysical response
of the particle itself, and rapidly allows one to estimate the surface coverage normalized by

the dissociation constant of probe adsorption, KLD' As an example, the concentration

dependence of riboflavin fluorescence quenching was measured on a total of 14 different
nanoparticle corona phases, on AuNP, SWNT and graphene, in order to validate our method.
The results appear promising for the use of MPA as a rapid tool to understand one critical
aspect of corona phase structure in solution: the adsorbed area. Because of this, MPA may
have a significant impact on the basic science and technical applications of nanoparticles.

Nano Lett. Author manuscript; available in PMC 2020 May 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Park et al. Page 15

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

Research reported in this publication was supported by the HSPH Center for Nanotechnology and Nanotoxicology
and National Institute of Environmental Health Sciences of the National Institutes of Health (under award number,
NIH grant # U24ES026946) as part of the Nanotechnology Health Implications Research (NHIR) Consortium. The
content is solely the responsibility of the authors and does not necessarily represent the official views of the
National Institutes of Health. Research is also funded by Disruptive & Sustainable Technologies for Agricultural
Precision (DiSTAP). M. P. is grateful for the support of the Samsung scholarship. K.S.S. was supported by the
Department of Energy Computational Science Graduate Fellowship program under grant DE-FG02-97ER25308.
T.T.S.L. was supported on a graduate fellowship by the Agency of Science, Research and Technology Singapore.

References

1. Coleman JN; Lotya M; O’Neill A; Bergin SD; King PJ; Khan U; Young K; Gaucher A; De S; Smith
RJ; Shvets 1V; Arora SK; Stanton G; Kim HY; Lee K; Kim GT; Duesberg GS; Hallam T; Boland JJ;
Wang JJ; Donegan JF; Grunlan JC; Moriarty G; Shmeliov A; Nicholls RJ; Perkins JM; Grieveson
EM; Theuwissen K; McComb DW; Nellist PD; Nicolosi V, Two-Dimensional Nanosheets Produced
by Liquid Exfoliation of Layered Materials. Science 2011, 331 (6017), 568-571. [PubMed:
21292974]

2. Colli A; Fasoli A; Beecher P; Servati P; Pisana S; Fu Y; Flewitt AJ; Milne WI; Robertson J; Ducati
C; De Franceschi S; Hofmann S; Ferrari AC, Thermal and chemical vapor deposition of Si
nanowires: Shape control, dispersion, and electrical properties. J Appl Phys 2007, 102 (3).

3. Nicolosi V; Vrbanic D; Mrzel A; McCauley J; O’Flaherty S; McGuinness C; Compagnini G;
Mihailovic D; Blau WJ; Coleman JN, Solubility of M06S4.514.5 nanowires in common solvents: A
sedimentation study. J Phys Chem B 2005, 109 (15), 7124-7133. [PubMed: 16851812]

4. Deepak FL; Saldanha P; Vivekchand SRC; Govindaraj A, A study of the dispersions of metal oxide
nanowires in polar solvents. Chem Phys Lett 2006, 417 (4-6), 535-539.

5.YinY; Alivisatos AP, Colloidal nanocrystal synthesis and the organic-inorganic interface. Nature
2005, 437 (7059), 664—670. [PubMed: 16193041]

6. Chen M; Zou YT; Wu LZ; Pan Q; Yang D; Hu HC; Tan YS; Zhong QX; Xu Y; Liu HY; Sun BQ;
Zhang Q, Solvothermal Synthesis of High-Quality All-Inorganic Cesium Lead Halide Perovskite
Nanocrystals: From Nanocube to Ultrathin Nanowire. Adv Funct Mater 2017, 27 (23).

7. Sun C; Zhang Y; Sun K; Reckmeier C; Zhang TQ; Zhang XY; Zhao J; Wu CF; Yu WW; Rogach
AL, Combination of carbon dot and polymer dot phosphors for white light-emitting diodes.
Nanoscale 2015, 7 (28), 12045-12050. [PubMed: 26119869]

8. Chen YH; Zheng MT; Xiao Y; Dong HW; Zhang HR; Zhuang JL; Hu H; Lei BF; Liu YL, A Self-
Quenching-Resistant Carbon-Dot Powder with Tunable Solid-State Fluorescence and Construction
of Dual-Fluorescence Morphologies for White Light-Emission. Adv Mater 2016, 28 (2), 312-318.
[PubMed: 26568431]

9. El-Kaderi HM; Hunt JR; Mendoza-Cortes JL; Cote AP; Taylor RE; O’Keeffe M; Yaghi OM,
Designed synthesis of 3D covalent organic frameworks. Science 2007, 316 (5822), 268-272.
[PubMed: 17431178]

10. Diercks CS; Yaghi OM, The atom, the molecule, and the covalent organic framework. Science

2017, 355 (6328).

11. Bisker G; Ahn J; Kruss S; Ulissi ZW; Salem DP; Strano MS, A Mathematical Formulation and
Solution of the CoPhMoRe Inverse Problem for Helically Wrapping Polymer Corona Phases on
Cylindrical Substrates. J Phys Chem C 2015, 119 (24), 13876-13886.

12.Yong Y; Su R; Liu XR; Xu WN; Zhang YF; Wang R; Ouyang PK; Wu JZ; Ge J; Liu Z, Lectin
corona enhances enzymatic catalysis on the surface of magnetic nanoparticles. Biochem Eng J
2018, 129, 26-32.

Nano Lett. Author manuscript; available in PMC 2020 May 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Park et al.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Page 16

Dai Y; Ren T; Wang Y; Zhang XJ, The synergistic effect of nitrogen atoms and triblock structure
on stabilizing gold nanoparticles for catalytic reduction of 4-nitrophenol. Gold Bull 2017, 50 (2),
123-129.

Mehrzad-Samarin M; Faridbod F; Dezfuli AS; Ganjali MR, A novel metronidazole fluorescent
nanosensor based on graphene quantum dots embedded silica molecularly imprinted polymer.
Biosens Bioelectron 2017, 92, 618-623. [PubMed: 27829558]

Wong MH; Giraldo JP; Kwak SY; Koman VB; Sinclair R; Lew TTS; Bisker G; Liu PW; Strano
MS, Nitroaromatic detection and infrared communication from wild-type plants using plant
nanobionics. Nat Mater 2017, 16 (2), 264-272. [PubMed: 27798623]

Williams RM; Lee C; Heller DA, A Fluorescent Carbon Nanotube Sensor Detects the Metastatic
Prostate Cancer Biomarker uPA. Acs Sensors 2018, 3 (9), 1838-1845. [PubMed: 30169018]

Bertrand N; Grenier P; Mahmoudi M; Lima EM; Appel EA; Dormont F; Lim JM; Karnik R;
Langer R; Farokhzad OC, Mechanistic understanding of in vivo protein corona formation on
polymeric nanoparticles and impact on pharmacokinetics. Nat Commun 2017, 8.

Kwon NK; Lee TK; Kwak SK; Kim SY, Aggregation-Driven Controllable Plasmonic Transition of
Silica-Coated Gold Nanoparticles with Temperature-Dependent Polymer-Nanoparticle Interactions
for Potential Applications in Optoelectronic Devices. Acs Appl Mater Inter 2017, 9 (45), 39688-
39698.

Ren XY; Liang WX; Wang P; Bunker CE; Coleman M; Teisl LR; Cao L; Sun YP, A new approach
in functionalization of carbon nanoparticles for optoelectronically relevant carbon dots and
beyond. Carbon 2019, 141, 553-560.

Gerstel P; Klumpp S; Hennrich F; Poschlad A; Meded V; Blasco E; Wenzel W; Kappes MM;
Barner-Kowollik C, Highly Selective Dispersion of Single-Walled Carbon Nanotubes via Polymer
Wrapping: A Combinatorial Study via Modular Conjugation. Acs Macro Lett 2014, 3 (1), 10-15.

Lam S; Zheng M; Fagan JA, Characterizing the Effect of Salt and Surfactant Concentration on the
Counterion Atmosphere around Surfactant Stabilized SWCNTs Using Analytical
Ultracentrifugation. Langmuir 2016, 32 (16), 3926-3936. [PubMed: 27031248]

Hernandez Y; Nicolosi V; Lotya M; Blighe FM; Sun ZY; De S; McGovern IT; Holland B; Byrne
M; Gun’ko YK; Boland JJ; Niraj P; Duesherg G; Krishnamurthy S; Goodhue R; Hutchison J;
Scardaci V; Ferrari AC; Coleman JN, High-yield production of graphene by liquid-phase
exfoliation of graphite. Nat Nanotechnol 2008, 3 (9), 563-568. [PubMed: 18772919]

Tao HC; Zhang YQ; Gao YN; Sun ZY; Yan C; Texter J, Scalable exfoliation and dispersion of two-
dimensional materials - an update. Phys Chem Chem Phys 2017, 19 (2), 921-960. [PubMed:
27976772]

Paredes JI; Villar-Rodil S; Martinez-Alonso A; Tascon JMD, Graphene oxide dispersions in
organic solvents. Langmuir 2008, 24 (19), 10560-10564. [PubMed: 18759411]

Moore VC; Strano MS; Haroz EH; Hauge RH; Smalley RE; Schmidt J; Talmon Y, Individually
suspended single-walled carbon nanotubes in various surfactants. Nano Lett 2003, 3 (10), 1379-
1382.

Zheng M; Jagota A; Semke ED; Diner BA; Mclean RS; Lustig SR; Richardson RE; Tassi NG,
DNA-assisted dispersion and separation of carbon nanotubes. Nat Mater 2003, 2 (5), 338-342.
[PubMed: 12692536]

Lin SC; Blankschtein D, Role of the Bile Salt Surfactant Sodium Cholate in Enhancing the
Aqueous Dispersion Stability of Single-Walled Carbon Nanotubes: A Molecular Dynamics
Simulation Study. J Phys Chem B 2010, 114 (47), 15616-15625. [PubMed: 21050001]

Kruss S; Landry MP; Vander Ende E; Lima BMA; Reuel NF; Zhang JQ; Nelson J; Mu B; Hilmer
A,; Strano MS, Neurotransmitter Detection Using Corona Phase Molecular Recognition on
Fluorescent Single-Walled Carbon Nanotube Sensors. J Am Chem Soc 2014, 136 (2), 713-724.
[PubMed: 24354436]

Palencia S; Vera S; Diez-Pascual AM; San Andres MP, Quenching of fluorene fluorescence by
single-walled carbon nanotube dispersions with surfactants: application for fluorene quantification
in wastewater. Anal Bioanal Chem 2015, 407 (16), 4671-4682. [PubMed: 25893803]

Ulissi ZW; Sen F; Gong X; Sen S; Iverson N; Boghossian AA; Godoy LC; Wogan GN;
Mukhopadhyay D; Strano MS, Spatiotemporal Intracellular Nitric Oxide Signaling Captured

Nano Lett. Author manuscript; available in PMC 2020 May 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Park et al.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Page 17

Using Internalized, Near-Infrared Fluorescent Carbon Nanotube Nanosensors. Nano Lett 2014, 14
(8), 4887-4894. [PubMed: 25029087]

Giraldo JP; Landry MP; Kwak SY; Jain RM; Wong MH; Iverson NM; Ben-Naim M; Strano MS, A
Ratiometric Sensor Using Single Chirality Near-Infrared Fluorescent Carbon Nanotubes:
Application to In Vivo Monitoring. Small 2015, 11 (32), 3973-3984. [PubMed: 25981520]

Bisker G; Dong J; Park HD; Iverson NM; Ahn J; Nelson JT; Landry MP; Kruss S; Strano MS,
Protein-targeted corona phase molecular recognition. Nat Commun 2016, 7.

Choi JH; Strano MS, Solvatochromism in single-walled carbon nanotubes. Appl Phys Lett 2007,
90 (22).

Demers LM; Mirkin CA; Mucic RC; Reynolds RA; Letsinger RL; Elghanian R; Viswanadham G,
A fluorescence-based method for determining the surface coverage and hybridization efficiency of
thiol-capped oligonucleotides bound to gold thin films and nanoparticles. Anal Chem 2000, 72
(22), 5535-5541. [PubMed: 11101228]

Hurst SJ; Lytton-Jean AKR; Mirkin CA, Maximizing DNA loading on a range of gold nanoparticle
sizes. Anal Chem 2006, 78 (24), 8313-8318. [PubMed: 17165821]

Aubin-Tam ME; Hamad-Schifferli K, Gold nanoparticle cytochrome ¢ complexes: The effect of
nanoparticle ligand charge on protein structure. Langmuir 2005, 21 (26), 12080-12084. [PubMed:
16342975]

Hola K; Markova Z; Zoppellaro G; Tucek J; Zboril R, Tailored functionalization of iron oxide
nanoparticles for MRI, drug delivery, magnetic separation and immobilization of biosubstances.
Biotechnol Adv 2015, 33 (6), 1162-1176. [PubMed: 25689073]

Li SH; Peng ZL; Leblanc RM, Method To Determine Protein Concentration in the Protein
Nanoparticle Conjugates Aqueous Solution Using Circular Dichroism Spectroscopy. Anal Chem
2015, 87 (13), 6455-6459. [PubMed: 26070096]

Kozlowski R; Ragupathi A; Dyer RB, Characterizing the Surface Coverage of Protein-Gold
Nanoparticle Bioconjugates. Bioconjugate Chem 2018, 29 (8), 2691-2700.

Cedervall T; Lynch I; Lindman S; Berggard T; Thulin E; Nilsson H; Dawson KA; Linse S,
Understanding the nanoparticle-protein corona using methods to quantify exchange rates and
affinities of proteins for nanoparticles. P Natl Acad Sci USA 2007, 104 (7), 2050—-2055.

Gardebjer S; Bergstrand A; Idstrom A; Borstell C; Naana S; Nordstierna L; Larsson A, Solid-state
NMR to quantify surface coverage and chain length of lactic acid modified cellulose nanocrystals,
used as fillers in biodegradable composites. Compos Sci Technol 2015, 107, 1-9.

Schram CJ; Taylor LS; Beaudoin SP, Influence of Polymers on the Crystal Growth Rate of
Felodipine: Correlating Adsorbed Polymer Surface Coverage to Solution Crystal Growth
Inhibition. Langmuir 2015, 31 (41), 11279-11287. [PubMed: 26390362]

Zimpel A; Preiss T; Roder R; Engelke H; Ingrisch M; Peller M; Radler JO; Wagner E; Bein T;
Lachelt U; Wuttke S, Imparting Functionality to MOF Nanoparticles by External Surface Selective
Covalent Attachment of Polymers. Chem Mater 2016, 28 (10), 3318-3326.

Sen F; Boghossian AA; Sen S; Ulissi ZW; Zhang JQ; Strano MS, Observation of Oscillatory
Surface Reactions of Riboflavin, Trolox, and Singlet Oxygen Using Single Carbon Nanotube
Fluorescence Spectroscopy. Acs Nano 2012, 6 (12), 10632-10645. [PubMed: 23075271]

Coffman RE; Kildsig DO, Effect of nicotinamide and urea on the solubility of riboflavin in various
solvents. J Pharm Sci 1996, 85 (9), 951-954. [PubMed: 8877885]

Zhang JQ; Kruss S; Hilmer AJ; Shimizu S; Schmois Z; De La Cruz F; Barone PW; Reuel NF;
Heller DA, Strano MS, A Rapid, Direct, Quantitative, and Label-Free Detector of Cardiac
Biomarker Troponin T Using Near-Infrared Fluorescent Single-Walled Carbon Nanotube Sensors.
Adv Healthc Mater 2014, 3 (3), 412—-423. [PubMed: 23966175]

Roding M; Deschout H; Braeckmans K; Rudemo M, Measuring absolute number concentrations of
nanoparticles using single-particle tracking. Phys Rev E 2011, 84 (3).

Mokashi VV; Walekar LS; Anbhule PV; Lee SH; Patil SR; Kolekar GB, Study of energy transfer
between riboflavin (vitamin B-2) and AgNPs. J Nanopart Res 2014, 16 (3), 1-11.

Zhang JQ; Landry MP; Barone PW; Kim JH; Lin SC; Ulissi ZW; Lin DH; Mu B; Boghossian AA;
Hilmer AJ; Rwei A; Hinckley AC; Kruss S; Shandell MA; Nair N; Blake S; Sen F; Sen S; Croy
RG; Li DY; Yum K; Ahn JH; Jin H; Heller DA; Essigmann JM; Blankschtein D; Strano MS,

Nano Lett. Author manuscript; available in PMC 2020 May 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Park et al.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Page 18

Molecular recognition using corona phase complexes made of synthetic polymers adsorbed on
carbon nanotubes. Nat Nanotechnol 2013, 8 (12), 959-968. [PubMed: 24270641]

Swierczewska M; Lee S; Chen XY, The design and application of fluorophore-gold nanoparticle
activatable probes. Phys Chem Chem Phys 2011, 13 (21), 9929-9941. [PubMed: 21380462]

Yan LY; Poon YF; Chan-Park MB; Chen Y; Zhang Q, Individually dispersing single-walled carbon
nanotubes with novel neutral pH water-soluble chitosan derivatives. J Phys Chem C 2008, 112
(20), 7579-7587.

Stobinski L; Polaczek E; Rebilas K; Mazurkiewicz J; Wrzalik R; Lin HM; Tomasik P, Dextran
complexes with single-walled carbon nanotubes. Polimery-W 2008, 53 (7-8), 571-575.

Cao CF; Kim JH; Yoon D; Hwang ES; Kim YJ; Baik S, Optical detection of DNA hybridization
using absorption spectra of single-walled carbon nanotubes. Mater Chem Phys 2008, 112 (3), 738-
741.

Salem DP; Landry MP; Bisker G; Ahn J; Kruss S; Strano MS, Chirality dependent corona phase
molecular recognition of DNA-wrapped carbon nanotubes. Carbon 2016, 97, 147-153.

Turro NJ; Yekta A, Luminescent Probes for Detergent Solutions - Simple Procedure for
Determination of Mean Aggregation Number of Micelles. J Am Chem Soc 1978, 100 (18), 5951—
5952.

Hait SK; Majhi PR; Blume A; Moulik SP, A critical assessment of micellization of sodium dodecyl
benzene sulfonate (SDBS) and its interaction with poly(vinyl pyrrolidone) and hydrophobically
modified polymers, JR 400 and LM 200. J Phys Chem B 2003, 107 (15), 3650-3658.

Sugioka H; Matsuoka K; Moroi Y, Temperature effect on formation of sodium cholate micelles. J
Colloid Interf Sci 2003, 259 (1), 156-162.

Netz RR; Andelman D, Neutral and charged polymers at interfaces. Phys Rep 2003, 380 (1-2), 1-
95.

Fan CF; Hsu SL, Application of the Molecular Simulation Technique to Characterize the Structure
and Properties of an Aromatic-Polysulfone System .2. Mechanical and Thermal-Properties.
Macromolecules 1992, 25 (1), 266-270.

Sane SB; Cagin T; Knauss WG; Goddard WA, Molecular dynamics simulations to compute the
bulk response of amorphous PMMA. J Comput-Aided Mater 2002, 8 (2-3), 87-106.

Jain RM; Ben-Naim M; Landry MP; Strano MS, Competitive Binding in Mixed Surfactant
Systems for Single-Walled Carbon Nanotube Separation. J Phys Chem C 2015, 119 (39), 22737-
22745.

O’Connell MJ; Boul P; Ericson LM; Huffman C; Wang YH; Haroz E; Kuper C; Tour J; Ausman
KD; Smalley RE, Reversible water-solubilization of single-walled carbon nanotubes by polymer
wrapping. Chem Phys Lett 2001, 342 (3-4), 265-271.

Israelachvili JN, Intermolecular and Surface Forces, 3rd Edition. Intermolecular and Surface
Forces, 3rd Edition 2011, 1-674.

Yao YJ; Xu FF; Chen M; Xu ZX; Zhu ZW, Adsorption behavior of methylene blue on carbon
nanotubes. Bioresource Technology 2010, 101 (9), 3040-3046. [PubMed: 20060712]

Yurekli K; Mitchell CA; Krishnamoorti R, Small-angle neutron scattering from surfactant-assisted
aqueous dispersions of carbon nanotubes. Journal of the American Chemical Society 2004, 126
(32), 9902-9903. [PubMed: 15303847]

Duan WH; Wang Q; Collins F, Dispersion of carbon nanotubes with SDS surfactants: a study from
a binding energy perspective. Chemical Science 2011, 2 (7), 1407-1413.

Nano Lett. Author manuscript; available in PMC 2020 May 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Park et al.

a.
30 -
—— 4.1x10" particle/ml AuNP
8.3x101"" particle/ml AuNP
25 1.7x1012 particle/ml AuNP
—— 3.3x10"2 particle/ml AuNP
. 20
S
A
8 15
c
@
o
7]
2 10
o
3
[
5
0
480 500 520 540 560 580 600
Wavelength [nm]
C.
30
——6.5mg/L graphene
——13mg/L graphene
25 26mg/L graphene
——52mg/L graphene
— 20
-]
S,
8
e 15
@
o
73
o
s 10
E}
[
5
0
480 500 520 540 560 580 600

Wavelength [nm]

Page 19

b.
30
——2.9mg/L SWNT
——5.7mg/L SWNT
25 11.4mg/L SWNT
SN__ . ——22.9mg/L SWNT
/"
il /A
S,
[
Q
c
]
Q
7]
2
S
3
i
480 500 520 540 560 580 600
Wavelength [nm]
d.
30
NaCl
© (BT)y4
25| ® (GT),-SWNT,
o
o
e @
S 20
3]
@
Q
S 15 g $
o
3 .
2
R =
[ & &
©
= L3
5 ®
g .
o#®
0 1 2 3 4 5

Probe Conc [uM]

Figure 1. Riboflavin emission spectra as a function of added nanoparticle concentration for
various nanoparticles.

a. 10nm gold nanospheres. b. SWNTs dispersed by (AT)1s. c. graphene dispersed by
polyvinylpyrrolidone (PVP). d. Probe fluorescence at different concentrations in three
different systems: reference, free polymer solution (single strand DNA), and free polymer +
SWNT solution. In case of ss(GT)15, a NaCl buffered solution was chosen as the solvent

background.
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a. Fluorescence of the riboflavin at maximum peak of spectra after varied concentrations of
riboflavin were added in AuNPs solution. b. Fitted graph to the adsorption site balance of

AUNPs.
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Figure 3. Linear fitting of SWNT corona phases data to adsorption site balance.
a. Fitted graph of corona phases with sSDNA group showing the high values of slope,

inverse of KiD. b. Fitted graph of corona phases with surfactant group. c. Fitted graph of

corona phases with high MW polymer group showing the low values of slope. d. log-log
plot of fitting of eleven corona phases which shows the inverse of KiD as y-intercept in the

plot.
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Figure 4. Summary of parameters of eleven corona phases.
a. Batch variation of probe surface coverage parameters of SWNT corona phases. b. Ki

values of dextran corona phases (Left: Total 5 batches included. Middle: 2 batches included.
Right: 3 batches included)
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Figure 5. nIR fluorescence study of SWNT corona phases.
a. Titration curve of probe adsorption as traced using SWNT nIR fluorescence. b. Scatter
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plot of KLD as measured by MPA and proportionality constant A from Equation (8). c.

Scatter plot of KLD and Kp syy7from Equation (8) demonstrating an apparent trend for

non-surfactant corona.
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Figure 6. Probe adsorption influenced by an attractive interaction within the corona.
a. The probe adsorbed within the loosely packed corona (at high g) interacts primarily with

the nanoparticle surface (orange dotted line). b. Conversely, a tightly packed corona (at low
g) exerts van der Waals attraction from both the corona itself (blue dotted line) along with
the nanoparticle surface (orange dotted line). c. Linear fitting of MPA parameters from all
SWNT corona phases (surfactant, high MW polymer, ssDNA) to the thermodynamic
adsorption model of Equation (13), showing agreement with the predicted —1/3 exponent. d.
Linear fitting of all data collected for SWNT corona phase types (high MW polymer and
ssDNA) excluding small molecule surfactants, which adsorb differently, again demonstrating

the —1/3 scaling.
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Figure 7. Linear fitting of graphene corona phase data to adsorption site balance.
a. Probe fluorescence spectra in three different solutions: water, SC solution, and SC-

graphene solution. b. Linear fitting of graphene corona phases data to adsorption site
balance. SC-graphene and PVVP-graphene samples were chosen.
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Table 1.

Page 26

List of SWNT corona phases explored in this study. They are categorized into three groups; high molecular
weight polymer group (two top rows of table), surfactant group (three bottom left of table), single strand DNA

group (three bottom right of table). Mixture of SDS and SC (SDS+SC) is not shown in the table.

Nomenclature Structure Note Nomenclature Structure Note
Poly(sodium 4- MW Poly(sodium 4- MW
styrenesulfonate) ) 70,000g/mol styrenesulfonate) o B 200,000g/mol
ONa OMa
it o hatl Medium Rlifon
Chitosan '*’L‘;L "‘*‘\"‘:‘;' iiinati =g weight, Dextran Lo 2
’ deacetylated "
Sodium dodecyl L 7 (8] 71[8] T[] T[] )
benzenesulfonate Surfactant (GT)1s5 DNS'tAr :rl]r&gle
(SDBS) N
Sodium th i DNA single
dodecylsulfate (SDS) ’ Surfactant (AT)s strand
QH " e _-CODH
[;‘\r" 3 &1 T[T
H G TTT|G T H
: PAPA P, L DNA single
Sodium cholate (SC) b 1/” Surfactant (GTTT), strand
HO “‘-/'H o
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Comparison of Langmuir isotherm parameters from SWNT nIR fluorescence and KLD from MPA with

confidence intervals.

Table 2.

Method

MPA SWNT nIR Fluorescence

SWNT corona phase  q/Kp [M™] [Confidence Interval]

Kp swnt [HM] [Confidence Interval]

A [Confidence Interval]

(GTTT), 438.5 [412.8 464.3] 1.13[0.89 1.38] 0.46 [0.43 0.49]
(GT)s 503.7 [476.8 530.6] 1.00 [0.67 1.34] 0.49 [0.43 0.54]
(AT)s 764.6 [710.8 818.4] 1.53[0.72 2.33] 0.17 [0.14 0.20]

SDS+SC 1149.0 [1091 1207] 0.50 [0.28 0.72] 0.59 [0.53 0.66]

sDs 991.8 [912 1072] 0.42[0.32 0.52] 0.93 [0.88 0.98]

PS 200k 1193 [1037 1350] 150 [1.23 1.78] 0.60 [0.56 0.64]
Dextran 1825 [1714 1936] 2.44[0.82 4.06] 0.84[0.59 1.09]

Chitosan 2972 [2527 3417] 5.20 [3.23 7.18] 0.72 [0.56 0.89]
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Table 3.

Linear regression parameters from two data sets: all three groups and two groups including high MW polymer
and ssDNA groups.

SWNT corona phase (group) Slope Y-intercept R?

All groups (surfactant, ssSDNA, high MW polymer) -0.16 [-0.21 -0.12] -11.97 [-12.51-11.44] 0.81

High MW polymer & ssDNA groups -0.15[-0.18 -0.12] -11.96 [-12.31-11.60] 0.92
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Table 4.

Comparison of KLD from MPA with confidence intervals between riboflavin and fluorescein sodium.

Probe o/Kp [M™1] [Confidence Interval]  Ratio of g/Kp  Molecular weight (MW) of probe  Ratio of MW
Riboflavin 2458.2 [2228.4 2687.9] 0.86 376.4 1
Fluorescein sodium (NaFI) 2849.2 [2629.9 3068.4] 1 330.3 0.88
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