Langmuir

pubs.acs.org/Langmuir

Quantitative Determination of Competitive Molecular Adsorption
on Gold Nanoparticles Using Attenuated Total Reflectance—Fourier

Transform Infrared Spectroscopy

De-Hao Tsai," Melissa Davila-Morris," Frank W. DelRio," Suvajyoti Guha,"”* Michael R. Zachariah,"*

and Vincent A. Hackley*"

"Material Measurement Laboratory, National Institute of Standards and Technology, Gaithersburg, Maryland 20899,

United States

*Departments of Mechanical Engineering and Chemistry, University of Maryland, College Park, Maryland 20740,

United States

e Supporting Information

ABSTRACT: Surface-sensitive quantitative studies of compe-
titive molecular adsorption on nanoparticles were conducted
using a modified attenuated total reflectance—Fourier trans-
form infrared (ATR-FTIR) spectroscopy method. Adsorption
isotherms for thiolated poly(ethylene glycol) (SH-PEG) on
gold nanoparticles (AuNPs) as a function of molecular mass
(1, S, and 20 kDa) were characterized. We find that surface
density of SH-PEG on AuNPs is inversely proportional to the
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molecular mass (M,,). Equilibrium binding constants for SH-PEG, obtained using the Langmuir adsorption model, show the
binding affinity for SH-PEG is proportional to M,,. Simultaneous competitive adsorption between mercaptopropionic acid (MPA)
and S kDa SH-PEG (SH-PEGSK) was investigated, and we find that MPA concentration is the dominant factor influencing the
surface density of both SH-PEGSK and MPA, whereas the concentration of SH-PEGSK affects only SH-PEGSK surface density.
Electrospray differential mobility analysis (ES-DMA) was employed as an orthogonal characterization technique. ES-DMA results
are consistent with the results obtained by ATR-FTIR, confirming our conclusions about the adsorption process in this system.
Ligand displacement competitive adsorption, where the displacing molecular species is added after completion of the ligand surface
binding, was also interrogated by ATR-FTIR. Results indicate that for SH-PEG increasing M,,, yields greater stability on AuNPs
when measured against displacement by bovine serum albumin (BSA) as a model serum protein. In addition, the binding affinity of
BSA to AuNPs is inhibited for SH-PEG conjugated AuNPs, an effect that is enhanced at higher SH-PEG M, values.

1. INTRODUCTION

The surface and interfacial properties of nanoscale particles,
including effects associated with intentional or incidental molec-
ular coatings, are known to have a dominant impact on their
functionality, stability, transport, fate, and biological interactions.' ~®
In fact, surface engineering of nanoparticles is the principal method
for obtaining desired functionalities for a wide range of applications
in nanotechnology and bionanotechnology.”*~"” In many ap-
plications, nanoparticles essentially serve as carriers or platforms
for delivering a payload to a specific location (i.e., passive or
active targeting), and often the underlining particle is subordi-
nate to the overlying surface coating with respect to its function-
ality and biological response.

An example is the use of functionalized nanoparticle-based
vectors for targeted drug delivery, which remains one of the most
promising applications of nanotechnology' "'~ with new drug
therapies now entering the clinical testing pipeline.”® Although
the technical challenges of nanomedicine are substantial and
nontrivial, particularly at the preclinical stage, the potential payoff
is enormous and represents no less than a new paradigm for the
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way in which we diagnose and treat diseases such as cancer.

Using the nanoparticle vector’s inherent surface chemistry as a
substrate, a combination of targeting, imaging, and therapeutic
functionalities can be attached. The benefits of this approach are
manifold: targeting of cancer cells without damage to surround-
ing tissue, reduction or elimination of toxic side effects associated
with standard chemotherapies, significant reduction in the required
dose of expensive drugs, earlier and more precise detection, and
improved imaging contrast to confirm successful targeting.'®
Despite these obvious benefits, technical challenges remain with
respect to quantitatively characterizing the amount, location,
conformation, and stability of surface-bound ligands on multi-
functional nanoscale particles.

In our previous work, we have demonstrated that physical
characterization methods can be used for the direct characteriza-
tion of molecular conjugation on the surface of gold nanoparticles
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(AuNPs).'*#1%17 The general concept is to measure the change in
particle dimensions as ligand molecules attach to the surface. The
molecular surface density can be quantified based on the change
in the particle’s physical size, accompanied by knowledge of the
molecular chain length (ie., the increase of particle size con-
tributed by each ligand).m’lé’17 The major advantages of physical
characterization methods include speed of analysis (e.g., minutes
per measurement), high spatial resolution (down to 0.3 nm,
depending on the approach), availability and affordability of
required instrumentation, and, most importantly, transferability
of the methodology for use in a routine nonclinical formulation
design and manufacturing environment and to support regula-
tory requirements. For the purpose of method improvement, and
specifically to verify the accuracy, it is important to have
orthogonal comparisons to complement the physical character-
ization approach.”*

The present investigation focuses on attenuated total reflec-
tance—Fourier transform infrared (ATR-FTIR) spectroscopz,
which has been used previously in a variety of applications.”*~*’
The advantage of ATR-FTIR, relative to transmittance or diffuse-
reflectance modes, is enhanced control of the IR beam path by
utilizing the evanescent wave generated along the ATR element.
This translates into an improved signal-to-noise ratio for the
analysis of surface-bound molecular species and provides the
capacity to conduct quantitative or semiquantitative analyses.24’26’27
By incorporating a liquid flow cell, ATR-FTIR can be used to
identify and characterize the quantity of molecules of interest
presenting in the solution phase. Furthermore, by depositing a
film of nanoparticles onto the ATR substrate, the relative
quantity of molecules attached to particle surfaces in contact
with the bulk solution and within the stable porous film can be
characterized semiquantitatively. McQuillan et al.”*** studied
the molecular interaction with sol—gel metal oxide films using
ATR-FTIR. Because of the controlled beam path, and the extent
of adsorption involved in those studies, the isoelectric point,
relative surface coverage, and equilibrium binding constants were
characterized based on adsorption isotherm data. Li et al.*®
applied ATR-FTIR to study the interactions of small molecules
in solution trapped within a polymer membrane. The ligand
concentrations retained in the membrane were characterized
quantitatively, providing the capacity to study environmental
contaminants.

Our principal objective here was to develop methods based on
ATR-FTIR used in conjunction with a liquid flow cell to quantify
the adsorption, equilibrium binding constants, and surface
density for thiolated poly(ethylene glycol) (SH-PEG) on citrate-
stabilized AuNPs. On the basis of the corresponding surface
density, we can estimate the surface conformation of SH-PEG.
For orthogonal comparison, electrospray differential mobility
analysis (ES-DMA), a high-resolution physical characterization
method, was utilized to estimate surface density and binding
affinity for SH-PEG on AuNPs.

In addition, we sought to apply these methods to inter-
rogate the competitive adsorption kinetics for SH-PEG in the
presence of other relevant molecular species. Two types of
competitive adsorption were investigated in this study: simul-
taneous competitive adsorption and ligand displacement
competitive adsorption.

During the formation of SH-PEG-functionalized AuNP pro-
ducts for therapeutic applications, other additives or presenting
impurities may compete for adsorption sites on the surface of
AuNPs. Hence it is necessary to interrogate the competitive

adsorption process between multiple components adsorbing
to the AuNP surface and to develop effective methods to
characterize this process both qualitatively and quantitatively.
In a previous study, we used physical measurement approaches to
characterize the competitive adsorption between SH-PEG and
mercaptoproprionic acid (MPA), and as a result, we were able to
successfully quantify the surface density of SH-PEG and to
determine binding affinity."” Although physical characterization
methods demonstrate a substantial capacity to characterize
molecular conjugation on nanoparticles with high speed and
resolution,">~"” an obvious capability gap is that particle size is
the only experimental output and thus subject to interference
from other mechanisms that may induce changes in particle size.
Moreover, it is difficult to differentiate between different ligands
coexisting on the AuNP surface, unless they exhibit a consider-
able molecular size differential. Thus, for the study of competitive
adsorption between different ligands, it is a challenge to distin-
guish the extent of relative adsorption due to the difficulty in
differentiating each contribution to the overall increase of particle
size. Finally, for nanoparticles that have a broad size distribution,
it is difficult, if not impossible, to determine if an observed
increase in particle size is due to molecular conjugation or to
particle agglomeration, while the resolution with respect to
quantifying size change is negatively impacted. On the other
hand, ATR-FTIR offers an effective approach to differentiate
competitive adsorption between different, even similarly sized,
ligands on the surface of AuNPs and can be potentially used to
benchmark physical-based measurements.

Equally relevant for therapeutic applications is the so-called
ligand displacement competitive adsorption scenario, where the
displacing ligand interacts subsequent to formation of the target
ligand—AuNP conjugate. Whereas simultaneous competitive
adsorption reflects both differences in affinity (leading to dis-
placement of adsorbed ligands) as well as diffusional effects (e.g,,
smaller molecules diffuse to the reactive AuNP surface faster
relative to larger molecules), ligand displacement is primarily
driven by aflinity differences with a secondary contribution
possibly due to steric hindrance effects. For instance, after SH-
PEG-functionalized AuNPs are delivered into a complex biolo-
gical matrix, other potential ligands will present themselves,
including the ubiquitous serum albumin protein. At physiological
pH, albumins, irrespective of species specificity, generally present
a single external thiol available for conjugation to the AuNP
surface.”* For ligand displacement, we selected bovine serum
albumin (BSA) as a representative serum protein to investigate
the stability of PEG-conjugated AuNPs once they enter the
mammalian circulatory system.

2. EXPERIMENTAL SECTION

a. Materials and Chemicals. Nominal 60 nm citrate-stabilized
AuNPs were obtained from Ted Pella Inc. (Redding, CA).>** The
number concentration of AuNPs in the native solution is estimated to
be 2.6 x 10" em 3. SH-PEG (1 and 20 kDa) were obtained from
Nanocs (New York, NY), and 5§ kDa SH-PEG was obtained from
JenKem Technology USA (Allen, TX). SH-PEG was used at concentra-
tions ranging from 2.8 x 10~* to 20 mmol/L. Reagent grade (=98%
protein, <3 endotoxin unit/mg, fatty acid- and IgG-free) BSA was
obtained from SeraCare Life Science (Milford, MA) and was utilized at
concentrations ranging from 7.5 x 10" *t0 0.30 mmol/L. Aqueous MPA
(99+%) and ammonium acetate (99.9%) were obtained from Sigma-
Aldrich (St. Louis, MO). MPA solutions were prepared in the concentration
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Figure 1. Schematic of the ATR-FTIR equipped with a Ge flat and
liquid flow cell.

range from 0 to 1.44 mmol/L, while aqueous 2—4 mmol/L ammonium
acetate solutions were prepared to adjust the ionic strength for ES-DMA
analysis. Biological grade 18.2 MQ2-cm deionized (DI) water (Aqua
Solutions, Jasper, GA) was used for preparing all solutions and diluted
AuNP suspensions.

b. Flow Cell ATR-FTIR System. ATR-FTIR spectroscopy was
performed using a Nicolet Spectra 750 FTIR spectrometer equipped
with a Thunder Dome Germanium ATR accessory (Thermo Scientific,
Madison, WI). A schematic diagram of the ATR-FTIR setup is shown in
Figure 1. Spectra were collected from 128 scans with a resolution of
1 em™ . For sample preparation, 200 and 800 uL of native AuNP
solution were first concentrated to between 8 and 20 uL (ie., at least
10x ) by centrifugation and then drop-cast onto the surface of the clean
germanium ATR crystal. After evaporating the solvent in a clean bench
at room temperature, a AuNP film was formed on the crystal surface.
Then, a flow cell unit (Thermo Scientific) was attached to the top of the
ATR crystal in order to allow fluid to contact and penetrate the AuNP
film. Background spectra were recorded by introducing DI water into the
flow cell. Solutions with various concentrations of molecular adsorbates
were then introduced into the flow cell, and the resulting spectra were
recorded. The experiments were performed at 21 °C using a sequential
injection measurement: sample solutions containing selected ligands
were injected sequentially into the flow cell ranging from low to high
concentration. For the analysis of ligand displacement competitive
adsorption, the background spectrum subtracted from the experimental
runs was obtained in DI water, but after the target ligand was initially
adsorbed to the AuNP film; this procedure results in negative absor-
bance for the characteristic IR band of the target ligand if the ligand is
displaced from the AuNP surface.

Because the IR beam path is controlled, providing a constant control
volume, V1, we can calibrate the measured IR absorbance, I, against the
known concentration of unbound molecules, C,,. Assuming the IR
absorption coeflicients of molecules are unchanged upon adsorbing
onto AuNDPs, the concentration of molecules presenting in Vr can be
quantified. On the basis of the Beer—Lambert law,*" a linear correlation
is expected between I, and C,,

Ly = (kal)Cr = ky,Cin (1)
where k,, is absorption cross section, ! is the path length of the IR beam,
and k%, is absorption coefficient (= k,,[). For simplifying the analysis
without reducing accuracy, Iy, is determined by the measured heights of
the absorption peaks.

In order to quantify the molecular surface density on AuNPs, 0, we
need to determine (1) N,,, the quantity of molecules presenting in Vr,
and (2) Agi, the surface area of the AuNP film on the Ge crystal surface.
Details of determining Vr and Ag,,, are described in section 1 of the

Supporting Information. Based on the IR absorbance, molecular surface
density can then be calculated using the relationship

_ Nm _ VT Iab
A Afim Ky,

)

c. Electrospray Differential Mobility Analysis (ES-DMA).
The ES-DMA system consists of an electrospray aerosol generator
(Model 3480, TSI Inc., Shoreview, MN), a differential mobility analyzer
(DMA, Model 3080n, TSI Inc.), and a condensation particle counter
(CPC, Model 3025, TSI Inc.). Details of the ES-DMA experimental
setup have been described in previous publications'*'®'”'? and are also
summarized in section 2 of the Supporting Information.

d. Measurement Uncertainty. Error bars shown in figures and
uncertainty ranges associated with measurement values represent one
standard deviation calculated from replicate (2—4) measurements
performed under repeatability conditions.

3. RESULTS AND DISCUSSION

a. Quantification of Unbound Molecules in Solution Using
ATR-FTIR. In order to correlate IR absorbance to the quantity of
molecules presenting in the control volume (eq 1) and also to
examine the capacity for quantification for ATR-FTIR results, we
first characterize the concentration of unbound molecules in
solution (i.e., without AuNPs present). Figure 2a shows repre-
sentative IR spectra obtained for unbound MPA and SH-PEG
with three different molecular mass, M,,,, values (denoted as SH-
PEGI1K, SH-PEGSK, and SH-PEG20K for M,,,= 1, §, and 20 kDa,
respectively). For SH- PEG a strong absorption band was
observed near 1080 cm ™, representing the C—O stretching of
the ethylene glycol monomers.'®** For MPA a significant
absorbance is observed near 1230—1260 cm ™, re resenting
the C—O stretching of the carboxylic group in MPA.'** In order
to optimize sensitivity, the peaks at 1080 cm ™' for SH-PEG and
1240 cm™' for MPA were chosen for quantitative analysis
(denoted as (C—O)pgg and (C—O)pppa in the following text).

Figure 2b shows measured calibration curves for molecular
concentration versus the corresponding IR absorbance. A clear
linear relation of I, versus C,, was found for all four target ligands
characterized. The results demonstrate consistency with eq 1,
confirming a strong capacity for ATR-FTIR quantitative analysis.

* was then obtained from the slopes of the regression fits.
Comparing results obtained for SH-PEG as a function of M,,, we
found k%, ~ M,,, indicating the molecular IR absorptivity is directly
proportional to the number of repeating units per molecular chain
regardless of the final form of the chains (i.e., M, of polymer). In the
next section we will use eq 2 with the corresponding k%, values to
quantify the uptake of ligands on the AuNP surface.

b. Characterization of Molecular Adsorption on AuNPs
and Quantification of Surface Density. Having established
that ATR-FTIR has the capacity for quantitative analysis, we
apply the methodology to study molecular adsorption on
AuNPs. Figure 3a—c shows the IR spectra of SH-PEGIK,
SH-PEGSK, and SH-PEG20K in the presence of the AuNP
film (produced using 800 uL of native AuNP suspension).
Similar to the results for unbound SH- PEG (Figure 2), we
observe a strong absorbance at 1080 cm ™' (i.e., C—O stretch-
ing of the ethylene glycol monomers) for all three SH-PEG
following interaction with the AuNP film, and the intensity of
(C—O)prg increases significantly with the increase in SH-PEG
concentration (Cgpy.pg)- In addition to (C—O)pgg, we observe
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Figure 2. Quantitative analysis of free ligand concentration in DI water
using ATR-FTIR. (a) IR spectra of unbound ligands in water. From top
to bottom: SH-PEG1K, SH-PEGSK, SH-PEG20K, and MPA. The
ligand mass fraction is 2% for all spectra. (b) I, vs C,, for SH-PEGIK
(diamonds), SH-PEGSK (squares), SH-PEG20K (triangles), and MPA
(crosses). Data are fit using linear regression with a slope k%,

a peak at 1400 cm ™" when the concentration of SH-PEG20K
(CsmpEGaok) is higher than 0.00S mmol/L; for a discussion of
this peak, please refer to section 3 of the Supporting Information.

Comparing the measured absorbance intensities, we observe
that the intensity of the (C—O)pgg peak for (SH-PEG +AuNP)
is significantly higher (%100 ) relative to that of unbound SH-
PEG at the same total concentration. This is due to the enriched
SH-PEG concentration in the control volume as a result of
adsorption within the AuNP film. By comparison, the contribu-
tion from unbound molecules in water is essentially negligible.
To confirm this statement experimentally, after removing any
unbound SH-PEG from the system by flushing with DI water
(denoted as “water cleaned” in Figure 3a—c), there is no
significant decrease in (C—O)pgg intensity. This confirms that
absorbance signals from (C—O)pgg are principally arising from

the SH-PEG—AuNP conjugate, and an increase in intensity for
(C—0)pgg can therefore be attributed to an increase in SH-PEG
attached to the AuNP surface within the deposited film.

Using the maximum measured I, from Figure 3a—c, the
maximum surface density of SH-PEG, Ogy prG,max is Obtained.
However, the calculated Ogp pEG,max is dependent on the quan-
tity of AuNP suspension used to form the deposited film: gy
PEG,max iNCreases 3 X when the volume of AuNP suspension used
increases from 200 to 800 4L (equivalent to a 4 X increase in film
thickness). The origin of this dependency is unclear, although
there are several possibilities, including variation of the absorp-
tion coefficient within the AuNP film and nonuniformity of the
deposited film (see Figure S2 and associated discussion based on
AFM measurements in section 4 of the Supporting Information).
To resolve this issue, we employed MPA as a calibrant; MPA is a
well-studied short chain ligand widely used to form self-as-
sembled monolayers on Au surfaces and has a maximum surface
density of ~6.5 nm™~>.** From the IR spectra (Figure 3d), we
observe a strong absorbance of (C—O)ypa after introducing
MPA to the AuNP film at two different film thicknesses (i.e.,
based on different volumes of AuNP suspension). Using eq 2 to
calculate the maximum surface density for MPA, Oypa maw the
results indicate that a film produced from 200 uL of AuNP
suspension (denoted as condition I) yields a value of Oypa max =
10 nm %, whereas a film produced from 800 uL of AuNP
suspension (denoted as condition II) yields a value of Onipa max
A 29 nm™ > The implication is condition I shows better accuracy
in the measurement of surface density, while condition II
provides better sensitivity in detection of the occurrence of
molecular adsorption at low surface density values. To improve
the accuracy, we scaled the results by using the surface density of
MPA for different film thicknesses

*
B Nsurec Lab, sH—PEGK 43, Mipa

OSsH-PEG = OMPA,0 N = OMPA O % (3)
MPA L, MPAkuh, SH—PEG

where Ogy.prg is the surface density of SH-PEG and Oypp o is the
reference reported maximum surface density of MPA.** Nypa
and Ngppeg Lp,mpa and Lb,sarEG) and kab,MPA and kab,SH-PEG
are the N,,, I, and kY, of MPA and SH-PEG at the same film
thickness, respectively.

Next we investigate the effect of M., 0n Osiy ppG,max Using eq 3.
As shown in Figure 3e, OgppEG,max IS approximately inversely
proportional to M, (OSH_PEG,maX ~ M, ""). The result is close
to the observation by Netz et al. (0o ~ M, "%, where 0, is
the maximum surface density of polymers), indicating s prG,max
is dominated by the random walk radius, (x*)°°, of SH-PEG.>*
In our previous study, we observed that the conformation of
SH-PEG can be transformed from random-walk coil to a more
brushlike chain with an increase in surface density. When approach-
ing the maximum surface density for a self-assembled layer (e.g.,
Ompamax), the ligand may behave more like a vertically aligned
brush with confined motion on the surface of the particle. As
shown in Figure 3e, Osyy pEG,max for the three M, values used in
this study, is at least 3 less than the corresponding Onpa max-
Hence, it is reasonable to assume that although the PEG chain
may behave as a brush near the particle surface, the outer portion
of the SH-PEG chains may still follow a random-walk motion
even near maximum surface density.

c. Adsorption Isotherms and Quantification of Binding
Affinity for SH-PEG on AuNPs. In the previous section, we have
demonstrated proof of principle for application of ATR-FTIR in
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Figure 3. Characterization of molecular adsorption on AuNPs using ATR-FTIR. (a) IR spectra for SH-PEG1K with AuNPs. (b) IR spectra for SH-
PEGSK with AuNPs. (c) IR spectra for SH-PEG20K with AuNPs. A suspension volume of 800 uL (condition II) was used for forming AuNP films used
in (a)—(c). (d) IR spectra for (MPA + AuNPs) comparing condition I (200 4L of AuNP suspension) and condition II. Cyrps = 943 umol/L. (e) Effect of
molecular mass on the maximum surface density of SH-PEG calculated using eq 3. The water cleaned trace relates to a concentration of 1000 zmol/L for
SH-PEGIK, 943 umol/L for MPA, and 400 umol/L for both SH-PEGSK and SH-PEG20K.
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Figure 4. Adsorption isotherms for SH-PEG on AuNPs using ATR-FTIR and ES-DMA. (a) Adsorption isotherm curves obtained by ATR-FTIR.
(b) Adsorption isotherms curves obtained by ES-DMA. Lines in (a) and (b) are to guide the eyes. (c) Fit to Langmuir equation for (a). (d) Fit to
Langmuir equation for (b). Lines in (c) and (d) are linear fits of data using eq S with slopes of 1/K, where K is the equilibrium binding constant for
SH-PEG to the AuNP surface. Isotherms were determined at 21 °C.

Table 1. Summary of Adsorption Isotherm Results for SH-PEG on AuNPs Measured by ATR-FTIR and ES-DMA*

species Omax by IR (nm %) Cpay by IR (mmol/L) Kby IR (L/mol)  Opa by DMA (nm ?)  Cpax by DMA (mmol/L) K by DMA (L/mol)

SH-PEGIK 14 0.05 2.8 x 10* 1.7 <0.03 4.5 % 10*
SH-PEGSK 0.16 0.025 6.6 x 10* 0.18 <0.03 2.5 % 10°
SH-PEG20K 0.05 0.005 6.7 % 10° 0.009 <0.03 1.3 x 10°

? Cnay is the required concentration for reaching saturation surface density (i.e., plateau adsorption).

the quantitative characterization of molecular adsorption on For an orthogonal comparison, we employ ES-DMA, which
AuNPs. We now extend that methodology to determine adsorp- has been used previously to study polymer adsorption on
tion isotherms for SH-PEG on AuNPs. Figure 4a shows Osy peg AuNPs."*'” From the increase in the cross-sectional area of
versus Cgpppg for three different chain lengths of SH-PEG, particles as determined by ES-DMA, Osy.pgg can be calculated
based on the results of Figure 3a—c. For the different M,,, values, following adsorption of SH-PEG. We employ a previously
increasing Cspprg increases Osgpeg up to and approaching developed analytical model'*”

characteristic plateau values (as summarized in Table 1). We

obserye that t.h'e general tendency is fqr the pla‘Feau level and the [(dym + Ad o) - d, o2

associated minimum bulk concentration required to reach the OSH.PEG = : : > (4)
plateau is inversely proportional to M,,. (2dp, m(**))
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Figure S. Simultaneous competitive adsorption of SH-PEGSK and MPA on AuNPs. (a) Cartoon depiction of (SH-PEGSK + MPA) adsorbing to
AuNPs. (b) IR spectra of molecular conjugates (SH-PEGSK + MPA) as a function of Cypa. Csprprgsk was fixed at 0.05 mmol/L. (c) Adsorption
isotherms for SH-PEGSK in the presence of MPA determined by ATR-FTIR. (d) Adsorption isotherms for SH-PEGSK in the presence of
MPA measured by ES-DMA. (e) Adsorption isotherms for MPA in the presence of SH-PEGSK determined by ATR-FTIR. Lines are to guide

the eyes.

where d, , is the average mobility diameter of the native AuNPs
and Ad,,,, is the increase in particle size following adsorption.
For freely jointed Gaussian chains, the random-walk radius of
SH-PEG, (x*)%3, is estimated to be 1.6, 3.7, and 7.3 nm for SH-
PEGIK, SH-PEGSK, and SH-PEG20K, respectively.'”

Figure 4b shows adsorption isotherms measured obtained by
ES-DMA. The results are similar and consistent with results
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shown previously for ATR-FTIR (as summarized in Table 1).
The maximum surface density determined from ES-DMA for
SH-PEGIK and SH-PEGSK shows close agreement with ATR-
FTIR (i.e., OstpEGimax ~ Mm ). By contrast, the plateau level
for Osp1pEGaok as determined by ES-DMA is ~6 times lower than
the corresponding value determined by ATR-FTIR. One expla-
nation for the substantial difference could be attributed to an
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Figure 6. Ligand displacement on SH-PEG-conjugated AuNPs following introduction of BSA. (a) Cartoon depicting BSA interacting with SH-PEG-
conjugated AuNPs. (b) IR difference spectra for BSA adsorption on SH-PEG1K-conjugated AuNPs. (c) IR difference spectra for BSA adsorption on SH-
PEGSK-conjugated AuNPs. (d) IR difference spectra for BSA adsorption on SH-PEG20K-conjugated AuNPs.

overestimated cross-sectional surface area for the longer polymer
chain (SH-PEG20K) as applied to the calculation of surface
density, where it has been previously shown to yield up to about
Sx lower values than results obtained by other methods for
surface density evaluation.'* Further discussion of this issue is
provided in section S of the Supporting Information. Because of a
good semiquantitative agreement, especially for SH-PEG1K and
SH-PEGSK, we will continue to use ES-DMA as our orthogonal
tool in the subsequent section.

As shown in Figure 4ab, the adsorption isotherm curves
follow a Langmuir-like behavior (i.e,, chemisorbed monolayer).
Using the Langmuir adsorption model, the equilibrium binding
constant, K is obtained:

O _ 11 )
o T KC,

Figure 4c shows the Langmuir fits for three different SH-PEG

measured by ATR-FTIR. K is estimated from the slope, 1/K, and

shows that increasing M,, of SH-PEG increases the surface
binding constants to AuNPs (summarized in Table 1). The
results show that even though the adsorption of SH-PEG is
principally via S—Au bonding, the polymer chain may still play a
role in the adsorption process; with longer chain lengths (higher
M,,) it is possible to have more contacts between the SH-PEG
and the AuNP surface. Hence, K may be higher for larger M,,, SH-
PEG in accordance with the increase in chain length and
nonspecific interactions with the AuNP surface. Figure 4d shows
the Langmuir fits for the ES-DMA isotherm data. Similar to the
results by ATR-FTIR (summarized in Table 1), K values for
SH-PEGSK and SH-PEG20K were significantly higher than SH-
PEGIK; the differences between SH-PEGSK and SH-PEG20K
do not appear to be attributable to the fitting uncertainties.

d. Simultaneous Competitive Adsorption. In this section,
we will demonstrate how results obtained from in-situ ATR-
FTIR can be used to investigate simultaneous competitive
adsorption (as pictured in a simplified cartoon, Figure Sa) and
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Figure 7. Analysis of ligand displacement for SH-PEG by BSA on SH-PEG-conjugated AuNPs, shown for three SH-PEG molecular mass values.
(a) Adsorption isotherms for BSA; lines are to guide the eyes. (b) Desorption isotherms for SH-PEG in the presence of BSA; lines are to guide the eyes.
(c) Cartoon depictions of ligand displacement by BSA. (d) Calculation of equilibrium binding constant for BSA, Kpg,, obtained from fits (solid lines) to
the Langmuir adsorption model; the slope represents 1/Kgsa. (¢) Calculation of equilibrium desorption constant for SH-PEG, Ky, in the presence of
BSA obtained from fit to the Langmuir model; the slope represents 1/Kj.
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Table 2. Summary of Ligand Displacement on SH-PEG-Conjugated AuNPs Following Introduction of BSA Measured by

ATR-FTIR
species Opsa (nm™?) AGsiprc (nm?)
SH-PEG1K 0.001—-0.003 0.11-0.33
SH-PEGSK 0.001—-0.002 0.005—0.02
SH-PEG20K 0.001—0.002 ~0

Kgsa (L/mol) K4 (L/mol) R
9.1 x 10° 6.7 x 10° 59.5 & 20.1
7.7 x 10° 43 x 10° 42427
4 x 10* ~0 ~0

to benchmark ligand adsorption results based on particle size
data obtained by ES-DMA. Figure 5b shows the IR spectra for a
mixture of MPA and SH-PEGSK conjugates on AuNPs. The
concentration of SH-PEGSK is fixed at 0.05 mmol/L, and the
concentration of MPA (Cypa) varies from 0 to 1.44 mmol/L.
When Cyps = 0 mmol/L, the strong absorbance at 1080 cm *
(characteristic for SH-PEGSK) is clearly evident, while absor-
bance at 1240 cm ™" (characteristic for MPA) is clearly absent.
Upon addition of Cypa, the intensity of the (C—O)pmpa band
increases and is accompanied by a decrease in the (C—O)pgg
band, indicating that the adsorption density for SH-PEGSK on
the AuNP surface decreases due to competitive uptake of MPA.

Based on ATR-FTIR spectral analysis, calculated adsorption
isotherms for SH-PEG on AuNPs are shown in Figure S¢; the
adsorption plateau decreases significantly from 0.16 to
0.03 nm ™~ as the MPA concentration increases from 0 to 1.44
mmol/L. A comparison with isotherms obtained from the
analysis of ES-DMA particle size data (shown in Figure 5d)
indicates consistency at a semiquantitative level, and together the
two data sets demonstrate that MPA strongly inhibits the uptake
of SH-PEGSK on AuNPs under conditions of simultaneous
competitive adsorption.

In contrast to the physical measurement approaches, we have
adapted to characterize the adsorption behavior of relatively large
chain ligands, such as SH-PEGSK. ATR-FTIR is equally adroit at
differentiating and quantifying the uptake of small chain mol-
ecules, such as MPA, even in the presence of the aforementioned
large chain ligands. This differentiation is possible due to the
specificity of IR absorption bands. For example, Figure Se shows
Ompa Versus Cgpy ppgsi; compared with MPA adsorption in the
total absence of SH-PEG, it is evident that the presence of SH-
PEG leads to an initial decrease in Oypa max to about 26—42% of
its noncompetitive adsorption value (Oypa max = 6.5 nm ). A
possible reason for the reduced MPA uptake is that the presence
of SH-PEGSK induces steric hindrance. Because MPA occupies
at Jeast 10X more S—Au binding sites relative to SH-PEGSK at
the highest Ogy prg value, Oypa decreases by less than 5% of
the corresponding maximum values over the Cgiyprgsk range
used in this study Hence, the presence of SH-PEGSK does in
fact inhibit the adsorption of MPA, but that effect weakens
significantly upon further increase in SH-PEGSK concentration.
From a qualitative standpoint, MPA adsorption is more strongly
dependent on Cyypa than Csy prgsk-

e. Ligand Displacement Competitive Adsorption. In the
present study, BSA was selected to represent the predominant
serum protein as a potential displacing ligand for SH-PEG-
conjugated AuNPs (simplistically illustrated by a cartoon in
Figure 6a). Figure 6b—d shows the IR difference spectra
obtained for SH-PEG conjugated AuNDPs after BSA has been
introduced to the system (experiments have been described in
section 2b). Three M,, values for SH-PEG (SH-PEGIK, SH-
PEGSK, and SH-PEG20K) were interrogated. For SH-PEG1K
(Figure 6b) and SH-PEGSK (Figure 6¢) conjugated AuNPs, we

observe strong negative absorbance for (C—O)pgg (*1080 cm )
that varies with BSA concentration (Cgsa), indicating SH-
PEG1K and SH-PEGSK are desorbed from the surface of AuNPs
in the presence of BSA. At the same time, we observe two peaks,
at 1540 and 1650 cm ™', which are known as the amide IT peak
and amide I peak for BSA,**** respectively. Formation of these
two BSA peaks confirms the adsorption of BSA on the surface of
SH-PEGIK- and SH-PEGS5K-conjugated AuNPs. In the follow-
ing analysis, we rely on the amide II band for quantifying the
uptake of BSA due to less interference from the absorbance of
water (21620 cm ') relative to the amide I band.** As Cpga
increases, both the negative absorbance of (C—O)pgg and the
positive absorbance of the amide I peak (A1540 cm ™ ') increase.

By contrast, BSA adsorption on SH-PEG20K-conjugated
AuNPs results in significant increases for peaks at 1540 and
1650 cm ™" as shown in Figure 6d, but without the concomitant
change in the (C—O)pg( band observed for the lower molecular
mass SH-PEG species; this suggests the adsorption of BSA does
not induce significant desorption of SH-PEG20K (at least within
the method’s detection limit). The capacity for the higher molecular
mass SH-PEG20K-conjugated AuNPs to adsorb BSA without
displacing the PEG molecule may be in part due to the greater
separation distance between the larger SH-PEG molecules and
their ability to shift or alter their conformation to accommodate
BSA adsorption. The average separation distance between SH-
PEG20K on AuNPs is ~4.5 nm, much greater than that
associated with SH-PEGIK (~0.8 nm) and almost twice that
of SH-PEGSK (2.5 nm), yet sufficient to accommodate the
minimum dimension (“depth”; modeled as a three-dimensional
equilateral triangle) of heart-shaped N-type (normal form) BSA
(~3nm).>*** Evidence to support this hypothesis is found in the
appearance of negative peaks at 1160 and 1400 cm ™', as shown in
Figure 6d. The negative absorbance at these bands is suggestive
of a molecular conformational change in the adsorbed SH-PEG
(details in section 3 of the Supporting Information), the result of
which is accommodation of BSA molecules without actual
displacement of SH-PEG20K from occupied sites.

Figure 7 summarizes results obtained from an analysis of ATR-
FTIR spectra for ligand displacement shown in Figure 6; BSA
adsorption and SH-PEG desorption are plotted against Cgga.
Increasing Cgga from 0.75 to 29.8 umol/L increases the surface
density of BSA, 0psa (summarized in Table 2). In addition, the
maximum Ogga on SH-PEG conjugated AuNPs is in the range
18—32% relative to Opga determined on native (citrate-stabi-
lized) AuNPs (0.014 nm ™ ?), demonstrating that SH-PEG in-
hibits the binding of BSA on AuNPs over the range of SH-PEG
molecular mass values considered in the present study; notably,
this inhibition increases with M,,,, indicating perhaps a stronger
steric hindrance by higher M,,, SH-PEG.

At the same time, as shown in Figure 7b, Ogyy prc decreases
with Cgga for SH-PEG1K and SH-PEGSK but is unchanging for
SH-PEG20K when Cgga increases from 0.75 to 29.8 umol/L
(summarized in Table 2, AGgyy peG= Osm.pEG,0 — Ostiprc, Where
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OsH.pEG, is the initial Ogypeg before BSA interaction). The
results quantitatively confirm that SH-PEG-AuNP conjugate
stability in the presence of serum albumin improves as M,
increases. A cartoon of the ligand displacement reaction is shown
in Figure 7c based on the results in Figure 7a,b.

To quantify the effect of ligand displacement, we define a ratio, R

R — A0sppeg (6)
OBsa
Higher R values indicate more SH-PEG was removed due to the
adsorption of BSA. As shown in Table 2, R is inversely proportional
to M,, of SH-PEG.

The Langmuir adsorption model is used to quantify the
affinities of BSA adsorption onto, as well as SH-PEG desorption
from, the surface of SH-PEG conjugated AuNDPs. Figure 7d shows
fits to the linear form of the Langmuir model for BSA adsorption,
where the slope is 1/Kgsa (Kpsa values are summarized in Table 2).
By comparison, Kgss obtained for BSA adsorption onto native
(citrate-stabilized) AuNPs is substantially higher (1.0 x 10°L/
mol). The results confirm that BSA binding affinity is reduced
when SH-PEG is present on the AuNP surface and show that
this suppression increases with SH-PEG molecular mass.

The Langmuir model can be applied to quantify the desorp-
tion (displacement) behavior of SH-PEG in the presence of BSA
as follows:

AOﬂSH-PEG, max 1 (7)

A0t pEG  KiCgsa

Here AOgu pEG max is the maximum A0gy ppg, and Ky is the
desorption constant for SH-PEG after BSA interaction. From the
slope (1/K4) shown in Figure 7e, K4 is 6.7 X 10° L/mol for SH-
PEGIK, 4.3 x 10° L/mol for SH-PEGSK, and not measurable
for SH-PEG20K. These results further confirm that the ability of
SH-PEG to resist displacement by serum albumin increases with
molecular mass, a fact that is clearly relevant for the formulation
of nanoparticle-based vectors for therapeutic applications.

4. SUMMARY AND CONCLUSIONS

In this study, ATR-FTIR spectroscopy has been successfully
adapted to characterize molecular conjugation on AuNPs, both
qualitatively and semiquantitatively, within the context of nano-
medicine formulation. Adsorption isotherms for SH-PEG at
three molecular mass values (1, S, and 20 kDa) indicate that
the adsorption density, Osp.pg, is inversely proportional to the
molecular mass. Adsorption isotherms obtained by ES-DMA are
employed for an orthogonal comparison, and both the surface
density and the equilibrium binding constants obtained for SH-
PEG reflect good agreement between ES-DMA and ATR-FTIR
at the semiquantitative level.

The ATR-FTIR approach developed herein was applied to
study competitive adsorption, in which more than one ligand is
present; competitive adsorption is relevant to biomedical appli-
cations where multiple functionalities are typically required and
where introduction into a biological matrix may result in
displacement of functional surface groups by thiol-presenting
serum proteins. Under conditions of simultaneous competition,
results show that increasing the concentration of MPA reduces
the surface density and binding affinity of SH-PEG. By contrast,
even though SH-PEGSK does in fact inhibit the initial adsorption
of MPA, that effect weakens upon further increase in SH-PEGSK
concentration, suggesting that the SH-PEG-conjugated surface is

able to accommodate the small molecule MPA due to single-thiol
binding of the much larger and flexible SH-PEG molecules; this
behavior is dependent on the molecular mass of SH-PEG, with
larger PEG molecules being more accommodating with respect
to MPA. Under conditions of ligand displacement competition,
the binding affinity of the displacer, BSA, is reduced on PEG-
functionalized AuNPs relative to adsorption on the native
AuNPs; affinity decreases as the molecular mass of SH-PEG
increases. It is demonstrated that the modified ATR-FTIR
method presented in this study can be applied to study compe-
titive adsorption between any combinations of molecular adsor-
bates, so long as distinct ligand-specific IR bands can be identified
and exploited.

Future work will seek to extend this method to more complex
multifunctional AuNP-based cancer therapeutics that include
targeting, imaging, and other modalities as well as more realistic
models of biological matrices that combine, for instance, anti-
bodies, sugars, and serum proteins. Through an in-situ semiquanti-
tative analysis of particle—molecule interactions, as demonstrated in
this study, parameters such as equilibrium binding and desorption
constants can be obtained and then used to improve the formulation
design and quality assurance for nanomedicine constructs. The
work presented here provides proof of concept and demonstrates
the efficacy of the ATR-FTIR approach for the effective investiga-
tion of molecular conjugation in AuNP systems.
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