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ABSTRACT

Nanoparticles in hiological fluids almost invariably become coated with proteins that may confer nanomedical and nanotoxicological effects.
Understanding these effects requires quantitative measurements using simple systems. Adsorption of HSA to copolymer nanoparticles of
varying hydrophobicity and curvature was studied using ITC, yielding stoichiometry, affinity, and enthalpy changes upon binding. The
hydrophobicity was controlled via the co-monomer ratio, N-iso-propylacrylamide/ N-tert-butylacrylamide. The most hydrophobic particles become
fully covered with a single layer of protein, except at high curvature.

The use of nanoparticles has grown rapidly over the last Of concern for nanobiology and nanomedicine are the
couple of years, and the number of products containing potential toxicological effects of nanomaterials, and studies
nanoparticles is increasing dramatically, including in medi- suggesting that nanoparticles may be toxic are beginning to
cine“? where there are great hopes that a new era of emerge:®@ However, as with the earlier field of gene de-
nanomedicine will arise. Despite this rapid increase, surpris- livery, where results were greatly hampered by system
ingly little is known about the responses of biological systems jrreproducibilities such as particle aggregation with time,
to these particles, and there are few overall conceptualmany of the studies involving nanoparticle toxicity are
frameworks® Nanomaterials that enter the body become ggmewnhat ambiguodsThe discrepancies arise from, for
coated with proteins, and this may have severe effects oneyample, impurities from the synthesis process remaining
the protein function and conformatidn® On the particle i, the samples and generally poorly characterized, polydis-
surface, there will also be an increase in the local concentra-perse samples whose behavior in physiological solution is

tions of certain prl,c;,te'n_s' W?'Ch, in turn might result in ¢\ nderstood. Since nanoparticles are invariantly coated
attenuation or amplification of activity, protein aggregation, -, proteinsin vivo, cells or tissues never encounter the

grdisruptioni Olfl othefr ITLnddS' For ex%mplei.the protgin; might naked particles. Rather, beneficial or harmful biological
ecome partially untolded upon adsorption, procducing an g .ts will be mediated by the adsorbed proteins and the

Eszggssreégfgizngr ;ggrgf f(')lgfot?r?];ﬂs;fg|r§:;e'génlﬁfgle(:mgn structure/function they take on in the particle-adsorbed state.
: b g 9on% deep understanding of potential toxic effects will require

by proteins upon adsorption, see refs 3, 4, and 6. . S - .
yp P P a detailed description of the binding of proteins to nanopar-
SaraLinse@bpc.luse or sara@ tcles in terms of affinities, stoichiometries, and the underly-
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between different effects and to pinpoint their molecular We chose to evaluate the use of ITC for protein
origins, there is a need for accurate and reproducible methodsanopatrticle interactions because it is a straightforward
and simplifiedin vitro model systems that can qualitatively method for studying association reactions and has long been
and quantitatively define nanopartielprotein interactions  used to accurately measure ligand-binding properties. One
and characterize the nanopartief@otein complex. Recently  component is titrated into another component at constant
developed methods for investigating the exchange rates ofpressure, and the difference in heat that needs to be added
different plasma proteins upon adsorption to parti€les/eal to the sample cell compared to the reference cell in order to
a large variation in exchange rates for different particle keep the two at the same temperature is accurately monitored.
protein combinations. In another study, plasma proteins thatFrom several repeat injections, a binding curve can be
adsorbed to polymeric particles were identified and the obtained, and the affinity, stoichiometry, and enthalpy change
relative amounts were determingdlhese results show that  upon binding can be derived.
itis not necessarily the most abundant proteins that dominate To quantify HSA binding as a function of nanoparticle
on the particles, but rather some of the less abundant proteingharacteristics, we titrated the protein into nanoparticle
with higher affinity may become enriched on the particles. solutions and monitored the heat response using ITC. The
The implications of this for nanomedicine are profound.  protein was dissolved to 40M in 10 mM Hepes/NaOH
Here we present amn wuitro system for detailed and buffer (pH 7.5) with 150 mM NaCl and 1 mM EDTA. The
systematic analysis of the adsorption of an abundant serumprotein concentration was determined by amino acid analysis
protein to model copolymer particles of varying size and after acid hydrolysis (purchased from BMC, Uppsala). An
hydrophobicity. We use isothermal titration calorimetry (ITC) extinction coefficient was derived and was used for concen-
to asses the thermodynamics of binding of human serumtration determinations of subsequent protein stock solutions.
albumin (HSA) to nanoparticles in the size range-700 The particles were dissolved to a concentration of 1 mg/mL
nm with five different degrees of hydrophobicity. The study in the Hepes buffer on ice. This yields molar concentrations
employs a series of copolymeric particles in which the of 9.3, 1.84, 0.4, 0.05, and 0.0093 nM for the 70, 120, 200,
monomersN-iso-propylacrylamide (NIPAM) andN-tert- 400, and 700 nm particles, respectively. The pH of the protein
butylacrylamide (BAM) comprise a total of 91% by weight solution was adjusted to match the pH of the particle solution
and the cross-linkeax,N-methylenebisacrylamide constitutes (pH 7.5). Particle and protein solutions were equilibrated to
9%. The BAM monomer has an additionalCHs; group 5 °C and degassed prior to each titration. A firstull
relative to NIPAM, and polymers with different hydropho- injection was followed by aliquots of aL of the protein

bicity are obtained by varying the ratio of the two compo-
nents. The NIPAM/BAM ratios used in this study range from
100:0 to 50:50, with 100:0 being the most hydrophilic

solution that were titrated into the nanoparticle solution with
a total number of 60 injections to obtain complete binding
curves in all cases. From the known concentrations of protein

particle. The monomers are water soluble, while the growing and particles, the stoichiometry, affinity, and enthalpy
polymers undergo phase separation as the synthesis ichanges upon binding were derived from a simple fit to the
conducted at a temperature higher than the lower critical data of a one-site binding model using the software ORIGIN
solution temperature (LCST) of the NIPAM part of the (Microcal, Northhampton, MA). In order to determine the
polymers!?2 When polymerization occurs in the presence of heat of dilution, HSA at the same concentration as in the
SDS micelles, the growing polymers will enter the micelles particle-binding experiments was titrated into buffer. In this
to avoid contact with the surrounding water. The number of blank titration, the first few injections had the shape of a
micelles will determine the size of the resulting nanoparticles, binding curve although at low signal. This may be due to
and the higher the surfactant concentration, the more dissociation of protein dimers present at the high protein
distributed the growing polymer chains, and thus the smaller concentration in the syringe. The obtained parameter values
the resulting nanopatrticles. At limiting SDS concentration, from the fitting process were only marginally changed with
the particles will get fewer but larger. In this way, we the subtraction of the blank titration, and the reported values
obtained a series of nanoparticles with defined size from 70 are without subtraction as the total concentration of HSA in
to 700 nm. Details about the particle synthesis can be foundthe blank titration does not correspond to the free concentra-
in Supporting Information and refs $35. tion of HSA obtained in the particle-binding experiments.

The protein chosen for this study, HSA, is the most However, we show the blank curve for Comparison.
abundant serum protein and is known to bind several We show here that ITC can provide very useful data with
small hydrophobic endogenous and exogenous ligands. Thehigh signal-to-noise ratio for HSA binding to several of the
protein is often used as a blocking agent due to its high tested nanoparticles. Raw data and fitted curves for HSA
propensity to bind to various surfaces. The molecular weight titrated into nanoparticles of different hydrophobicity are
of HSA is 66 kDa, and the protein has a highhelical shown in Figure 1. As can be seen, the association reaction
content and three domains. Under normal conditions in blood, is exothermic for all levels of nanoparticle hydrophobicity.
unsaturated fatty acids are bound to the protein. The Strikingly, a much larger number of injections are needed
monounsaturated oleic acid is the most abundant ligand andto reach saturation for the more hydrophobic particles
appears to have seven binding sites of varying affinity on compared to the more hydrophilic ones, implying a higher

HSA® For a review of ligand binding to HSA, see, for
example, ref 17.
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surface coverage for the more hydrophobic particles. Fur-
thermore, the signal for the 75:25, 85:15, or 100:0 NIPAM/
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Figure 1. ITC data for titration of HSA into solutions of 200 nm polymeric nanoparticles of varying hydrophobicity in 10 mM Hepes/
NaOH, 0.15 M NaCl, 1 mM EDTA, pH 7.5, 8C. The patrticle concentration in the cell (1.4 mL) was 0.4 nM, and the protein concentration in
the syringe was 4@M. The upper panels show raw data, and the bottom panels show integrated heats in each injection together with a fit
using a one-site binding model. The 50:50 NIPAM/BAM particles are the most hydrophobic and 100:0 are the most hydrophilic. The last
panel shows protein titrated into buffer for comparison.

Table 1. Stoichiometries, Affinities K4), and Enthalpy Changes upon Binding when HSA was Titrated into Different Particles
Solutions at 5°C?

size degree of
(nm) NIPAM/BAM stochiometry coverage Ka (106 M) AH (kJ/mol) AS (kJ/mol-K) n
70 50:50 320 + 36 0.52 £ 0.06 1.20 + 0.02 —595 + 54 —1.95+ 0.23 4
65:35 201 +91 0.32 £0.15 1.22 + 0.82 —297+ 79 —3.27+2.34 3
85:15 65 + 20 0.11 £ 0.03 6.27 + 2.32 —104 £ 53 —0.35 + 0.04 4
120 50:50 2570 + 440 1.50 +£0.14 0.78 £ 0.05 —828 + 425 —3.24 +1.84 3
65:35 414 + 258 0.24 £0.15 0.71 £0.21 =774 £ 238 —4.07 £ 2.61 6
200 50:50 5932 £+ 1154 1.28 £ 0.25 1.71 + 0.06 —473 £ 79 —1.27+£0.79 4
65:35 4264 + 1016 0.92 £0.22 1.60 + 0.70 —473 £+ 58 —1.93 + 0.64 3
75:25 693 + 333 0.15 £ 0.08 2.33 £ 1.06 —186 + 27 —-3.11 £ 3.77 3
85:15 1094 + 469 0.24 £0.15 2.01 +£0.99 —190 £ 50 —0.85+0.43 3
100:0 246 £ 9 0.05 £ 0.01 3.88 £ 0.06 —280 £ 138 —0.88 £ 0.70 2
400 50:50 16794 + 1850 0.98 £0.11 3.70 £ 0.13 —642 £+ 57 —2.04 £ 0.26 3
65:35 1661 + 84 0.10 £ 0.00 4.02 £+ 3.08 —798 £+ 157 —4.01+1.16 3
700 50:50 39676 + 23848 0.76 £ 0.46 2.03 +1.08 —695 £+ 122 —6.62 + 7.09 3

a\Weighted average and standard deviations are fiameasurements. The entropy change was calculated Adm- TAS = —RTInKa.

BAM particles is only slightly higher than in the blank 1.6
titration, indicating that adsorption to these particles occurs
with a smaller enthalpy change. The affinity does not vary
drastically over the hydrophobicity range, but a small trend
toward higher affinity for the more hydrophilic particles is
observed. The enthalpy change is negative in all cases but
appears to be more negative for the most hydrophobic
particles. The stoichiometries, affinities, and enthalpy changes
upon binding are summarized in Table 1 for the different
nanoparticle compositions and sizes.

The degree of surface coverage is an important parameter
that tells whether a sparse or a dense layer of protein is 0.2
adsorbed, or whether multiple layers form on the particles.
To calculate the maximum number of HSA molecules
adsorbed to the nanoparticles, a minimal cross-section area % NIPAM
was estimated by analyzing the folded structure of HSA in
MOLMOL.'® The surface area of the particles at half a _ _
protein diameter above the particle was calculated and Figure 2. The degree of saturation (calculated from the ratio of
divided by the protein cross-sectional area to achieve theg@ted stoichiometries and theoretical surface coverage) for the

i ifferent hydrophobicities of 70&) and 200 nm 4) particles.
theoretical numbers at 100% coverage. These are 620, 1710nset: the structure of HSA (PDB 1a06) with the three domains
4650, 17 140, and 51 900 HSA molecules for the 70, 120, colored in red, blue, and green.

1.4
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Figure 3. ITC data at 5°C for titration of HSA into polymeric nanoparticles with 50:50 NIPAM/BAM ratio of varying size. The particle
concentration in the cell (1.4 mL) was 1 mg/mL corresponding to 9.3, 1.84, 0.4, 0.05, and 0.0093 nM for the 70, 120, 200, 400, and 700
nm particles, respectively. The protein concentration in the syringe wadM@he upper panels show raw data, and the bottom panels
show integrated heats together with a fit using a one-site binding model. The last panel shows protein titrated into buffer for comparison.

200, 400, and 700 nm particles, respectively. From these
numbers, and the obtained stoichiometries, the degree of 16 | | 200 nm
surface coverage was calculated for each particle tested. The -
surface coverage for the 70 and 200 nm particles as a %
function of hydrophobicity is shown in Figure 2, and the
values for all particles are given in Table 1. The surface
coverage is clearly strongly dependent on the particle
hydrophobicity, and we find the same trend for the two
particle sizes. The most hydrophobic particles bind consider-
ably more HSA than the more hydrophilic ones. For particles
with 25% BAM and below, very little HSA binding is
observed. This is in agreement with a recent study in which
bovine serum albumin had preferential binding to :CH
compared to OH-terminated surfadégdditionally, we have
shown that the amount of Gigroups at the surface increases
with increasing BAM content, at the expense of the more
polarizable—NH groups’® Even though a surface coverage rigure 4. The degree of saturation (calculated from the fitted

of 91% would be expected for hexagonal dense packing of stoichiometries and the theoretical surface coverage) for 50:50
ideal spheres in a monolayer, the numbers that we obtainNIPAM/BAM particles versus particle size. Inset: size comparison

are around or slightly above 100% and most likely reflect a Of albumin and a 200 nm particle.
single layer as the particles are somewhat expanded@t 5
The important finding is the clear effect of particle hydro- should be a size limit above which the binding properties
phobicity in determining the amount and nature of nanopar- are independent of curvature and approach those of a “flat”
ticle surface binding. surface, and this limit seems to occur with particles of
To investigate the influence of nanoparticle size (curvature) between 70 and 120 nm diameter. The circumference of a
on protein adsorption, titration experiments were performed 70 nm particle can hold 31 HSA molecules of 8 nm diameter,
for 50:50 NIPAM/BAM particles with varying size from 70  while 53 proteins fit in a circle around the 120 nm patrticle.
to 700 nm (Figure 3). The results of these experiments Thus, for the 70 nm particle, some strain may be expected
indicate a surface coverage of 326% for the smallest (7O  and it may not be possible to fit in all proteins around the
nm) and around or slightly above 100% for the $+2@0 poles, while one would expect the coverage to approach a
nm particles (Figure 4). The 700 nm particles have the sameconstant value for all sizes120 nm, as observed. Alterna-
surface coverage as the 20000 nm particles within  tively, it is possible that on flat surfaces, or surfaces with
experimental error. The very low total surface area available low curvature, the adsorbed protein molecules form a two-
on the 700 nm particles offers a technical challenge, yielding dimensional ordered structure reinforced by repetitive “crystal
larger errors than for the smaller particles. The smaller the contacts” between proteins. At higher curvature, proteins are
particles, the larger the surface area presented at the samsepatially deflected from their neighbors and these crystal
weight-per-volume concentration, and thus the better the contacts cannot form.
precision in the ITC measurements. The striking result here  For nanopatrticles with a diameter of 120 nm or larger,
is the lower degree of surface coverage observed for theour results seem to imply that the protein adsorbs in a dense
smaller particles, which suggests that a higher degree ofmonolayer. However, it may be that there is an enthalpy
surface curvature interferes with binding. In theory, there change upon binding of a first protein layer, and that binding

12
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Figure 5. Raw ITC data for different proteins titrated into a 9.3 0
nM solution of 70 nm 50:50 particles: (a) HSA, (b) HSA in 0 00 1000 1500
complex with oleic acid, (c)-lactalbumin, and (d) human carbonic Time /s

anhydrase II. All panels are plotted on the same scale, and the . .
proteins are injected at approximately the same molar concentra-Figure 6. SPR data for ovalbumin (black), carbonic anhydrase II
tions. In (b), the scale has the same magnitude but with endothermic(PIue), fibrinogen (light blue), calmodulin (greeny;lactalbumin

heats instead of exothermic. Panel b inset: structure of HSA with (brown), lysozyme (orange), and the protein G B1 domain (red)
oleic acid bound (PDB 1gni). injected over 70 nm 50:50 NIPAM/BAM particles linked via a thiol

group to gold. Each protein was dissolved atZ® uM in 10 mM
Hepes/KOH, 0.15 M NacCl, pH 7.4, with 3 mM EDTA and 0.005

of additional layers occurs with only changes in entropy and
Y Y 9 by Tween20. The same buffer was used as the running buffer.

is thus not observable by ITC. Multilayer adsorption is
usually identified by detectable steps as the layers becomecan adsorb to the nanopatrticles, resulting in an uptake of
completed?! For example, in a previous calorimetry study heat. Binding of oleic acid to HSA is an exothermic process,
of lysozyme, the adsorption isotherm showed a stepwiseand conversely, if the fatty acid is released, heat is taken
pattern, and the authors suggested that the different stepsip. The overall process of fatty acid release and protein
resulted from distinct conformational states of lysozyme upon adsorption to the particles might be entropically favored but
adsorption to the surfadé We do not identify such steps, occurs to a much lesser extent than in the absence of the
but again, it could be that it is only the first layer of HSA competing ligand. Another suggestion is that the endothermic
that shows an enthalpy change upon binding. In a recentprocess is caused by binding of oleic acid to the patrticles.
study of statherin adsorption to hydroxyapatite crystals, the This process is found to be endothermic (data not shown)
authors argued that there were two types of adsorption sitesand may be greater in magnitude compared to HSA adsorp-
on the crystal and that only one of the sites gave rise to ation to the particle, making the overall signal endothermic.
change in enthalp$? Particle binding of several other proteins]actalbumin,

Due to the limited solubility of the nanoparticles in water calmodulin, lysozyme, fibrinogen, protein G B1 (PGB1)
and buffers at room temperature (i.e., above the LCST of domain, ovalbumin, and human carbonic anhydrase II, was
many of the copolymer particles), the majority of the studied, but no signals were observed by ITC (data for two
experiments were performed af6 where the solubility is  of these proteins are shown in Figure 5). The reason for this
higher and particle concentrations sufficient for the ITC lack of signal could be that adsorption occurs without an
experiments could be obtained. Control experiments were enthalpy change (that is, the binding is entirely entropy driven
performed with lower particle and protein concentrations at due to the release of water), or that these proteins may not
5°C intervals from 5 to 40C. The results at-515 °C yield bind to the particles. Adsorption of the proteins to the
similar stoichiometries, and the enthalpy change is the same particles was therefore investigated by surface plasmon
within experimental error. For 2040 °C, the same exother-  resonance technology. In these experiments, the same
mic process is observed, although the stoichiometry appeargproteins were injected one-by-one over 70 nm 50:50 patrticles
to be lower. However, the quality of data is much poorer that had been linked via a thiol group to géfd=or the PGB1
due to the reduced signal-to-noise ratio at low particle and domain, no significant association was detected, whereas
protein concentrations and due to the onset of particle a-lactalbumin, calmodulin, lysozyme, fibrinogen, ovalbumin,
aggregation. and human carbonic anhydrase Il were all found to interact

Oleic acid is the normal endogenous ligand for HSA, and with the 70 nm 50:50 particles (Figure 6). Thus we can
thus, adsorption of the HSAoleic acid complex to the  conclude that PGB1 associates weakly or not at all with the
nanoparticles was investigated. The observed heats are nowparticles, while for the majority of the proteins tested,
drastically changed, and the binding seems to be endothermi@association with the particles is an entropy-driven process.
(Figure 5). This change might be due to a change in the This is a remarkable phenomenon from a fundamental point
binding mode of the protein, or alternatively that the oleic of view and highlights the point that one needs to be careful
acid first has to dissociate from the protein before the protein to use several complementary methods in such studies in
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Figure 7. ITC data at 5°C for titration of protein into solutions of quantum dots (16 nm) in 10 mM Hepes/NaOH, 0.15 M NaCl, 1 mM
EDTA, pH 7.5, 25°C. Left panel shows HSA (38M) titrated into an 800 nM quantum dot solution. The right panel shavectalbumin

(230uM) titrated into a 500 nM solution of quantum dots. The upper panels show raw data, and the bottom panels show integrated heats
in each injection together with the best fit. The insets show a size comparison of the particle and protein.

order to fully understand and characterize the nature of the The distinct exothermic nature of HSA adsorption to the
adsorbed protein layer that deposits on nanoparticles incopolymer particles is not a unique feature for this protein
physiological environments. particle combination. Preliminary investigations of protein
From thermodynamic data, it is always tempting to discuss binding to hydrophilic polymer-coated quantum d6tsf 16
the underlying interactions involved in the binding event; nm diameter indicate an exothermic process for HSA also
however, it is never straightforward to rationalize the driving in the case of these metallic particles that are considerably
forces for binding. Commonly, binding due to the hydro- smaller than the copolymer particles (Figure 7). Beliac-
phobic effect is thought to result in a large entropy increase talbumin binding to the same quantum dots, we observe a
and positive enthalpy change. However, the hydrophobic biphasic titration that is dominated by an endothermic process
effect has a pronounced temperature dependence, with arfFigure 7), illustrating that ITC can also be used to quantify
optimum around room temperature where the enthalpy protein adsorption to nanoparticles wh&hl for the process
change upon binding should also be largest. HSA is is positive. For both proteins, the degree of surface coverage
considered to be a very hydrophobic protein, and hence, itappears to be on the order of a few percent, suggesting that
is reasonable to think that hydrophobic interactions are a size series of quantum dots may provide further insights
responsible for the adsorption of HSA to the hydrophobic into the role of particle curvature.
nanoparticles. The temperature dependence of the hydro- The NIPAM/BAM nanoparticle system offers many
phobic effect predicts thatH andASshould decrease with  advantages in physical and biological studies of nanoparticle
temperature. In our measurements at different temperaturesfunction. The particles are nontoki¢>and can be modified
we see a slight negative slope fAH versus temperature in terms of size and surface chemistry, not only with regard
(negativeACy) which points to the hydrophobic effect as a to hydrophobicity. Using an extended set of side groups, one
driving force. However, due to the low signal for these may, for example, build in various degrees of positive or
experiments, the enthalpy change is accompanied by largenegative charge density. The role of adsorbed proteins can
errors. An alternative hypothesis is that there are specific be evaluated by comparing cellular effects of nanoparticles
interactions between the protein and the side groups presentedlone, protein alone, and particles coated with protein, as a
on the particle surfaces resulting in heat release. To test thisfunction of particle size and surface characteristics. ITC is a
alternative, protein was titrated into linear (non-cross-linked) nonperturbing method and can be used to verify that the
50:50 NIPAM/BAM copolymer at 0.33 mg/mL, yielding particles are saturated with protein before they are used in
approximately 4.5 times as many exposed side groups ashese studies. An advantage of the ITC method is that no
for a 1 mg/mL 70 nm particle solution. A small enthalpy modifications are needed in order to study nanoparticle
change was observed, but the signal for the polymer solutionprotein interactions, and the technique could easily become
was about 20% lower compared to the signal for the particle a standard tool for quantitative measurements. Additionally,
solution, indicating that the presented particle surface is ain the case of particle-bound proteins with enzymatic activity,
major factor driving the interaction between the protein and ITC could be used to derive the fractions of bound and free
the nanoparticles. protein to interpret studies of enzymatic functionality and
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quantify the activity reduction or enhancement in the
presence of the nanoparticles.

In conclusion, nanoparticles typically bind proteins and
exhibit different binding characteristics depending on their
(apparent) hydrophobicity and radius of curvature. ITC is a
straightforward method for measuring this adsorption in a
guantitative manner. In particular, it can be used to study
specific microscopic effects driving adsorption to give

accurate degrees of adsorption and to complement more

qualitative or structural methods.
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