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Environmental Significance Statement

Two key, interrelated processes critical in determining the fate and effects of engineered 
nanomaterials in aquatic systems are eco-corona formation and heteroaggregation. The affinity 
of particle surfaces for one another is dictated by the physico-chemical nature of those surfaces 
and the suspending medium. Although it is well-established that the adsorption of naturally 
occurring macromolecules to particle surfaces is correlated with heteroaggregation attachment 
efficiencies, there is a lack of mechanistic information linking these two processes that limits the 
ability current fate and transport models to predict environmental behavior. Demonstrating that 
the fraction of a surface covered with organic matter is predictive of heteroaggregation rates is a 
first step in filling the present knowledge gap.
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ABSTRACT

Heteroaggregation and eco-corona formation are important, interrelated processes that 

transform engineered nanoparticles (ENPs) and strongly impact their fate, transport and 

toxicity in natural and engineered systems. Yet, there is a lack of mechanistic information 

linking these processes. This work experimentally validates the hypothesis that 

attachment efficiencies can be predicted on the basis of the fraction of particle surfaces 

coated by organic matter. Heteroaggregation betweeen branched polyethyleneimine gold 

nanoparticles (bPEI-AuNPs) and glass beads (a surrogate for naturally occurring 

suspended particulates) was examined in the presence and absence of Suwannee River 

Natural Organic Matter (SRNOM) using a recently developed functional assay. 

Attachment efficiencies for heteroaggregation were quantified in systems where the 

relative concentrations of ENPs, glass beads and SRNOM were varied so as to 

systematically control the extent of eco-corona formation on the paticle surfaces. Corona 

formation on the glass microspheres was negligible, but SRNOM readily adsorbed to the 

bPEI-AuNPs, reducing heteroaggregation. Measured attachment efficiencies were well 

described by a model correlating attachment efficiencies with the fractional coverage of 

the bPEI-AuNP surfaces by SRNOM, providing a promising mechanistic link between 

eco-corona formation and subsequent aggregation behavior. Further, the dependence of 

attachment efficiencies on the extent of eco-corona formation reveals the necessity that 

laboratory-based assays control the relative concentrations of ENPs, suspended 

particulates, and organic matter such that the resultant eco-corona formation is 

representative of that expected in the relevant environmental system.

INTRODUCTION

When engineered nanoparticles (ENPs) enter natural and engineered systems they are 

transformed by myriad processes including oxidation/reduction, dissolution, aggregation, 

and interaction with dissolved organic matter (DOM).1 These transformations do not occur 

in isolation, but often influence one another. For example, macromolecules often 
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accumulate at the surfaces of ENPs suspended in biological and environmental matrices, 

forming a “corona”.2, 3 This process affects key ENP properties like surface charge, 

chemical functionality, and reactivity, and influences subsequent transformation via 

dissolution4, 5, aggregation6-10, and deposition.11, 12

The aggregation state of ENPs affects particle size and available surface area, key 

properties controlling ENP reactivity and fate in complex systems. The attachment 

efficiency, α, quantifies the probability that two colliding particles will attach and is a 

critical parameter needed to predict ENP fate in environmental systems.13 Although a 

great deal of early work on ENP fate and transport focused on homoaggregation 

(aggregation between like particles)6, 14, 15, it is widely recognized that heteroaggregation 

of ENPs with natural colloids is likely to dominate in relevant systems because naturally 

occurring particles will vastly outnumber ENPs.16-20 Despite this fact, relatively few 

studies have examined ENP heteroaggregation processes16, 17, 21-29 and even fewer have 

attempted to quantify attachment efficiencies for heteroaggregation.30 In the absence of 

this data, environmental fate and transport models for these materials are forced to rely 

on assumed values of this key parameter.19, 31, 32 

Corona formation is known to affect ENP properties and subsequent homoaggregation.2 

In many cases, corona formation enhances the colloidal stability of ENPs via steric and 

electrostatic forces arising from the adsorbed DOM.33 However, corona formation can 

also enhance aggregation in the presence of divalent cations7, 15, 34 or when partially 

coating positively charged ENPs.35 Properties of engineered coatings35-37 and DOM38-40 

also influence corona formation and the resultant effects on ENP homoaggregation. In 

general, these studies lack detailed mechanistic information regarding corona formation 

and the impacts on α.41 As a result, attachment efficiencies are left as empirical fitting 

factors to account for incomplete theory. The mechanistic aspects of simultaneous corona 

formation and heteroaggregation have only recently received attention28, 42, 43 and have 

yet to be incorporated into fate and transport models.44 Due to the outsized role of corona 
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formation on ENP properties and subsequent aggregation behavior, it is imperative that a 

mechanistic understanding of these interrelated processes be developed. 

The processes of heteroaggregation and corona formation result in aggregates with non-

uniform surfaces. When the surfaces of colliding particles are heterogeneous, attachment 

efficiencies are dependent on the nature and extent of that heterogeneity. For example, 

Healy and LaMer delineated the role of polymer surface coverage on the rates of colloid 

aggregation via bridging flocculation45, concepts that have been verified and extended by 

others.46-49 Moncho-Jorda et al. performed a detailed theoretical analysis of the 

aggregation of partially coated particles that illustrates the clear dependence of 

attachment efficiencies on the fractional surface coverage (θ).50 Similar approaches have 

been employed in heteroaggregating systems where the “surface coating” occurs via 

attachment of ENPs to the surfaces of natural colloids17, 20, 27 or adsorption of DOM to the 

surface of ENPs.43 Yet, these concepts have not been extended to three-component 

systems containing DOM, ENPs and natural colloids.

Wiesner and co-workers have developed a promising functional assay platform to 

parameterize heteroaggregation.16, 29, 51 Briefly, their approach involves suspending ENPs 

in complex systems containing natural or model colloids and quantifying the rate that 

ENPs are lost from suspension via heteraoggregation. This approach has been used to 

determine attachment efficiencies for collisions between various ENPs and activated 

sludge16, algae51, soil52, and glass beads.29 Furthermore, measured attachment efficiencies 

have been correlated with trophic transfer51 and fate in mesocosms.53, 54 The assay is 

firmly grounded in colloid theory and has been validated against traditional deposition 

experiments using packed columns.29 However, the approach relies on two key 

assumptions: (1) homoaggregation is negligible and (2) attachment efficiencies are 

independent of particle concentration.29 The first assumption can be justified by using an 

ENP that is stable with respect to homoaggregation and/or by using a model colloid 

concentration significantly greater than that of the ENPs such that heteroaggregation 

dominates.37 Yet, cases where significant homoaggregation occurs have been reported37, 
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51, 52 as has the need to account for homoaggregation in laboratory tests performed at 

elevated particle concentrations.30 If valid, the second assumption justifies the use of 

elevated ENP and colloid concentrations to simplify the assay by speeding the 

heteroaggregation process and easing the detection of ENPs by techniques like UV-vis 

spectroscopy. Yet, these attempts to facilitate the operational simplicity may have 

unintended consequences with respect to technical accuracy, a balance between which 

these approaches demand.55-57 While the second assumption is valid for aggregation in 

the absence of DOM, it is not clear that the same is true for systems where corona 

formation and concomitant effects on attachment efficiencies become important.

In this work, it was hypothesized that attachment efficiencies for collisions between ENPs 

and model colloids in the presence of DOM can be predicted on the basis of the fraction of 

the particle surfaces that are coated by DOM (i.e., surface coverage). This hypothesis was 

tested using the functional assay developed by Wiesner and co-workers.29 Rates of 

attachment between branched-polyethylenimine coated gold nanoparticles (bPEI-AuNPs) 

and glass beads in the presence of Suwannee River Natural Organic Matter (SRNOM) were 

measured while varying the relative concentrations of ENPs, glass beads and DOM. These 

materials were chosen to represent a simple, yet relevant system that would facilitate the 

systematic examination of DOM surface coverage and heteroaggregation attachment 

efficiency. SiO2 is a prevalent mineral in soil58 and glass beads have frequently been used 

as an environmentally relevant collector in particle transport experiments.33 Independent 

measurements of DOM adsorption onto the surfaces of the glass beads and the ENPs were 

made to facilitate the development of a mechanistic link between surface coverage and 

attachment efficiency. Because the degree of corona formation is likely dictated by the 

relative concentrations of particles and DOM in a given system, the work also aimed to 

illustrate the importance of maintaining these ratios at environmentally relevant values in 

laboratory-based tests used to determine attachment efficiencies.
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MATERIALS AND METHODS

Materials. Gold nanoparticles coated with 25 kDa branched polyethylenimine (bPEI-

AuNP) were purchased from nanoComposix, Inc (NanoXact). The average core diameter 

reported by the manufacturer was 61 ± 8 nm as measured by transmission electron 

microscopy. Soda lime glass microspheres were purchased from Cospheric, LLC. The 

median diameter of the glass beads reported by the manufacturer was 70 ± 5 µm as 

measured by optical microscopy. Prior to use, glass beads were washed successively in 

0.1 M NaOH and 0.1 M HCl (Supporting Information Section 1). Suwanee River Natural 

Organic Matter (SRNOM) was purchased from the International Humic Substances 

Society (catalog number 1R101N) and stock solutions were prepared at 15 mg carbon/L 

as described previously.35 Sodium Chloride (NaCl) (ACS reagent grade, VWR) and 

HEPES (BioPerformance Certified, Sigma Aldrich) or sodium bicarbonate (NaHCO3) 

(ACS reagent grade, VWR) were used to control ionic strength and pH of solutions, 

respectively.

Nanoparticle homoaggregation. The aggregation state of the bPEI-AuNPs in the 

presence and absence of SRNOM was monitored using time-resolved dynamic light 

scattering (Brookhaven 90 Plus) and the extent of aggregation (Dh,15/Dh,0) calculated as 

described previously35 (Figure S1). Additional information on nanoparticle aggregation 

state was obtained by examining the UV-vis absorbance spectra where shifts of the 

plasmon resonance peak and shouldering of the spectra at wavelengths larger than the 

surface plasmon peak are indications of aggregation.36

Electrophoretic mobility. The electrophoretic mobility (EPM) of bPEI-AuNPs in the 

presence and absence of  SRNOM was measured via Phase Analyis Light Scattering 

(Brookhaven ZetaPALS). bPEI-AuNPs (5 mg/L) and SRNOM (0-6 mg C/L) were 

equilibrated in a solution containing 20 mM NaCl and 1 mM HEPES for 30 minutes prior 

to measurement (5 measurements of 30 cycles each).
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6

Quantifying SRNOM adsorption on Glass Beads. 50 mL samples containing SRNOM 

(0-1.5 mg C/L) and GBs (0 or 60 g/L) in 10 mM sodium bicarbonate and 10 mM sodium 

chloride (pH =  7±0.2) were combined in 50 mL polyethylene centrifuge tubes and 

tumbled end-over-end for 24 hours. After equilibration, glass beads were allowed to settle 

and supernatant solutions were analyzed for total organic carbon, TOC (Shimadzu TOC-

VSCH). The difference in organic carbon content between samples with and without 

glass beads was attributed to SRNOM adsorption. Additionally, adsorption was examined 

by quartz crystal microbalance with dissipation monitoring (QCMD) by flowing a 

solution containing 2 mg C/L of SRNOM in 20 mM sodium chloride and 1 mM HEPES 

over a soda lime glass sensor and observing the frequency change of the third overtone.

Quantifying SRNOM adsorption onto bPEI-AuNPs. Quantifying the adsorption of 

SRNOM onto the bPEI-AuNPs via solution depletion was not practical given the cost of 

the nanoparticles and the high AuNP concentrations needed to reduce solution phase 

SRNOM concentrations enough to quantify by TOC analysis. As such, changes in the 

electrophoretic mobility of bPEI-AuNP suspensions following exposure to varying 

concentrations of SRNOM were used as a surrogate measure of SRNOM adsorption. 

Data from the electrophoretic mobility experiments described above were used for this 

analysis. The mobility of bPEI-AuNPs at each SRNOM concentration was subtracted 

from the mobility of the bPEI-AuNPs in the NaCl/HEPES matrix without SRNOM 

present. This change in mobility was used to estimate the fraction of the nanoparticle 

surface covered by SRNOM by fitting to a Langmuir isotherm (further justification in 

Supporting Information Section 3). The reported TEM diameter of 61 nm was used to 

calculate nanoparticle surface area.

Quantifying heteroaggregation. The attachment of bPEI-AuNPs to glass beads was 

quantified using an adaptation of the suspended particle mixing method developed by 

Wiesner and co-workers.16, 29 Briefly, 4 mL suspensions containing bPEI-AuNPs and 

glass beads were combined in 7 mL PFA vessels and mixed at 1000 rpm with a small 

magnetic stir bar. The estimated shear rate was 23.8 s−1.59 Aliquots of 0.5 mL were taken 
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7

at prescribed time points and placed in a cuvette where the glass beads (and any attached 

AuNPs) settled rapidly from suspension. The concentration of the remaining 

(unheteroaggregated) AuNPs was quantified by UV-vis spectroscopy (Thermo Scientific 

Orion AquaMate 8000) using a standard curve relating absorbance at the surface plasmon 

resonance peak (535 nm) to particle concentration (Figure S3). 

The loss of AuNPs from suspension was fit to a pseudo first order kinetic model of the 

following form.16

(2)
0

ln tN Bt
N

 

Where N0 is the nanoparticle number concentration at t = 0; Nt is the nanoparticle number 

concentration at time t, α is the attachment efficiency, β is the collision frequency 

between ENPs and glass beads, and B is the number concentration of glass beads. This 

model assumes that nanoparticle homoaggregation is negligible, heteroaggregate breakup 

is negligible at short times, and that heteroaggregation does not significantly reduce the 

available colloid concentration.16 For each experiment, the slope of a plot of ln(Nt/N0) vs. 

t yielded the pseudo first order rate constant αβB. Experiments at a given condition were 

performed in duplicate at a minimum. 

All experiments were performed in distilled deionized (DDI) water (Barnstead Nanopure) 

containing 20 mM NaCl and 1 mM HEPES buffer (pH = 7 ± 0.2). bPEI-AuNP 

concentrations were either 2 mg/L or 5 mg/L, glass bead concentrations ranged from 0 to 

20 g/L, and SRNOM concentrations ranged from 0 to 2.25 mg C/L. Concentrations of 

AuNPs and glass beads are both higher than expected in aquatic systems60, yet the ratio 

of the two particle types are environmentally relevant. In the absence of DOM, 

attachment efficiencies are independent of particle concentration as has been 

demonstrated previously29 and confirmed in this work (Figure 3 and associated 

discussion). Further, elevated particle concentrations speed the assay and allow the use of 

UV-vis spectroscopy for AuNP quantification. The ratios of DOM:ENPs and DOM:glass 
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beads were varied systematically to probe the impact of DOM surface coverage on 

measured attachment efficiencies. 

In exeriments containing glass beads and SRNOM, the glass beads and SRNOM were 

equilibrated for 24 hours on a Barnstead|Thermolyne Labquake Rotisserie Shaker before 

being transferred to the PFA reaction vessels where the AuNPs were subsequently added. 

A schematic of the experimental protocol and an example calculation showing raw and 

transformed data can be found in the Supporting Information (Figures S4-S7).

Model Development. A conceptual model illustrating the possible interactions between 

the two particle types in the presence of DOM is presented in Figure 1. A mathematical 

formulation of the total attachment efficiency (Equation 2) illustrates the proposed 

dependence of the total attachment efficiency on both the the individual attachment 

efficiencies (αi-j) between the various possible surfaces and the surface coverage of DOM 

on the two surfaces (θi).17, 20

(3)    
 

1 1 1

1

tot
hetero ENP GB ENP GB ENP GB ENP DOM

ENP GB DOM GB ENP GB DOM DOM

      

     
 

 

    

  

In Equation 2,  is the total heteroaggregation attachment efficiency between tot
hetero

partially coated surfaces; αENP-GB is the attachment efficiency between the glass bead 

surface and the surface of the engineered nanoparticles; αENP-DOM is the attachment 

efficiency between the surface of the engineered nanoparticles and DOM adsorbed on the 

glass bead surface; αDOM-GB is the attachment efficiency between DOM adsorbed on the 

engineered nanoparticle surface and the glass bead surface; αDOM-DOM is the attachment 

efficiency between DOM adsorbed on the nanoparticle surface and DOM adsorbed on the 

glass bead surface; and θENP and θGB represent the fractional coverage of DOM on the 

surface of ENPs and glass beads, respectively. When no DOM is present,  is equal tot
hetero

to αENP-GB. α and θ can theoretically vary between 0 and 1. 
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9

Figure 1. Conceptual model for collisions between bPEI-AuNPs and glass beads in the 
presence of SRNOM. αi-j represent attachment efficiencies between surfaces of type i and 
j. θENP and θGB represent the surface coverage of SRNOM on bPEI-AuNPs and glass 
beads, respectively. 

RESULTS AND DISCUSSION

bPEI-AuNP characteristics and behavior in the presence of SRNOM. The 

electrophoretic mobility of bPEI-AuNPs in the presence of varying concentrations of 

SRNOM is presented in Figure 2a. In the absence of SRNOM, the bPEI-AuNPs were 

positively charged. As the DOM:ENP ratio increased, the electrophoretic mobility 

became less positive, ultimately reversing and becoming negative. This change in 

electrophoretic mobility is indicative of SRNOM adsorption to the bPEI-AuNPs. The 

magnitude of the change in electrophoretic mobility with increasing DOM:ENP ratio and 

the estimated relative fractional surface coverage of SRNOM on the bPEI-AuNPs (θENP) 

are shown in Figure 2b (see Section 3 of the Supporting Information for details). 

The adsorption of SRNOM to the bPEI-AuNPs induced homoaggregation (Figure 2c). 

The extent of aggregation increased with increasing DOM:ENP ratio, reaching a 

maximum at approximately 30 mg C/m2 Au. Further increases in DOM concentration 

resulted in decreased homoaggregation. Only slight size changes were observed at 
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DOM:NP ratios greater than 120 mg C/m2 Au where surface coverage was nearly 

complete (θENP ≈ 1.0). These results are consistent with previous findings and explained 

by DOM facilitated interparticle bridging via an electrostatic patch mechanism.35 

Agreement of these results with previous work using 12 nm bPEI AuNPs when compared 

on the basis of DOM:ENP surface area (Figure S8) further confirms that DOM surface 

coverage controls the stability of bPEI-AuNPs with respect to homoaggregation. 
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Figure 2. (a) Electrophoretic mobility of bPEI-AuNPs (5 mg/L); (b) change in 
electrophoretic mobility and fractional surface coverage (θENP) of bPEI-AuNPs (5 mg/L ); 
and (c) extent of homoaggregation of bPEI-AuNPs (2 mg/L) in the presence of SRNOM. 
Error bars represent one standard deviation of replicates. Solution conditions included 1 
mM HEPES, 20 mM NaCl and varying SRNOM concentrations. 

SRNOM adsorption to Glass Beads. Negligible adsorption of SRNOM onto glass beads 

was observed by solution depletion (Figure S9) and quartz crystal microbalance using 

soda-lime glass coated sensors (Figure S10). There are conflicting reports in the literature 

of NOM adsorption onto silica surfaces. Franchi and O’Melia reported adsorption of 

Suwanee River Humic Acid (SRHA) to soda-lime glass beads61, but Yang et al.62 found 

no adsorption of SRHA to silica nanoparticles and Li et al.63 reported negligible 

adsorption of Suwannee River Humic and Fulvic Acid onto SiO2 surfaces by quartz 

crystal microbalance over a range of pH values. At the conditions of this work (pH = 7 

and relatively low ionic strength), both the SRNOM and the soda-lime glass bead 

surfaces are negatively charged. It is expected that electrostatic repulsion between 

SRNOM and the soda-lime glass surfaces explain the observed lack of adsorption in this 

work. 

Heteroaggregation of bPEI AuNPs with glass beads in the absence of SRNOM. In 

the absence of SRNOM, bPEI AuNPs rapidly attached to the glass beads and were 

subsequently removed from suspension following settling. SEM images confirm 

attachment of the bPEI-AuNPs to the glass beads (Figure S11). Consistent with theory, 
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12

and has been demonstrated previously29, the rate constant for heteroaggregation (αβB) is 

proportional to the glass bead concentration (B) (Figure 3). Results and analysis from an 

example experiment are shown in Figures S5-S7.
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Figure 3. Influence of GB concentration, B, and SRNOM concentration on the pseudo 
first order rate constant, αβB. Error bars represent standard deviation of replicates. Linear 
trendlines fit through the origin are shown as eye-guides.

Heteroaggregation of bPEI AuNPs with glass beads in the presence of SRNOM. 

Attachment efficiencies for collisions between bPEI AuNPs and glass beads decreased in 

the presence of SRNOM as evidenced by reduced slopes in the trends of αβB vs. B with 

increasing SRNOM concentration (Figure 3). These results are consistent with those of 

Turner et al.52 who observed a decrease in the attachment of bPEI AuNPs to a model soil 

when organic matter was present. According to the conceptual model outlined in Figure 

1, this reduction could be the result of SRNOM adsorption onto the bPEI AuNPs, the 

glass beads, or both. However, SRNOM adsorption onto the glass beads is negligible, a 

fact further confirmed by the linearity of the trend in αβB vs. B in the presence of 

SRNOM. If SRNOM were adsorbing onto the surfaces of the glass beads, it is expected 

that surface coverage (θGB) would vary as function of the SRNOM to glass bead ratio, 
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resulting in convex curvature in the αβB vs. B trend. The dependence of attachment 

efficiencies in the presence of organic matter on the relative surface area of nanoparticle 

and glass bead surfaces was recognized by Geitner et al.29 in their work with PVP-coated 

silver nanoparticles and glass beads. In that work, adsorption of humic acid to the 

nanoparticle surfaces was hypothesized to be the more important process in suspended 

particle mixing experiments like those performed here.

Impact of homoaggregation on measured values of αβB. As demonstrated above, bPEI 

AuNPs homoaggregate in the presence of SRNOM when the ratio of the two components 

is less than approximately 120 mg C/m2 Au. This reduction in the number of primary 

ENPs and formation of bPEI-AuNP homoaggregates has the potential to interfere with 

the measurement of αβB in batch heteroaggregation tests in the following ways: (1) 

homoaggregation alters the UV-Vis spectra used to quantify free ENP concentration 

resulting in a loss of absorbance at the suface plasmon resonance peak and the formation 

of a secondary peak at higher wavelengths;36 (2) β is a function of particle size and may 

vary as homoaggregation proceeds; and (3) ENP homoaggregates may be removed from 

suspension during the settling step.

With respect to the first concern, bPEI-AuNP homoaggregation was rapid and apparent in 

the first (t ≈ 0) samples collected in tests without glass beads (Figure S12). Subsequent 

samples did not indicate continued homoaggregation, only loss of absorbance across all 

wavelengths (Figure S13). Because αβB is calculated on the basis of N/N0 (Eq. 1), the 

fact that t ≈ 0 samples were already aggregated and didn’t continue to aggregate during 

the heteroaggregation tests indicates that homoaggregation didn’t impact 

heteroaggregation results. With respect to the second concern, estimated collision 

efficiencies between 60 nm bPEI-AuNPs and 70 µm glass beads were <1% different from 

those for the largest (~300 nm) homoaggregates (Supporting Information Section 10). 

Finally, the settling velocities of the largest measured homoaggregates were not sufficient 

to result in the loss of bPEI-AuNP homoaggregates prior to measurement (Supporting 

Information Section 10). In summary, the homoaggregation of bPEI-AuNPs induced by 
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SRNOM did not impact the results of the heteroaggregation batch tests reported here. 

Turner et al.52 reached a similar conclusion with regard to the impact of homoaggregation 

on the quantification of αβB for heteroaggregation between citrate stabilized AuNPs and 

a model soil. As in that system, plots of αβB vs. B in this work are linear (Figure 3), a 

further indication that heteroaggregation is dominant in the experiments reported here.

Impact of DOM:ENP ratio. To better isolate the effect of SRNOM on heteroaggregation 

attachment efficiencies, experiments at a single glass bead concentration (20 g/L) are 

examined in greater detail. The influence of the DOM:ENP ratio was evaluated by 

comparing values of αβB measured at two ENP concentrations (2 and 5 mg/L) and 

varying SRNOM concentration. At both ENP concentrations, the rate of 

heteroaggregation decreases with increasing SRNOM concentration (Figure 4). This 

reduced rate of attachment is attributed to increases in θENP as the ENP surfaces are 

increasingly coated by SRNOM (Figure 2b). The fact that data for the two ENP 

concentrations overlap when normalized by ENP surface area indicates that this is a 

surface coverage dependent process. Stated another way, this demonstrates that changing 

the ENP concentration while keeping the DOM concentration constant results in different 

measured attachment efficiencies. This can be clearly seen when the same data are 

plotted as a function of SRNOM concentration without accounting for ENP surface area 

(Figure S14).
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Figure 4. Pseudo-first order rate constants (αβB) for attachment of bPEI-AuNPs (2 mg/L 
or 5 mg/L) to glass beads (20 g/L) in 1 mM HEPES, 20 mM NaCl, and varying 
concentrations of SRNOM. Error bars represent one standard deviation of replicates. 

ENP losses to vessel walls. In control experiments without SRNOM and glass beads there 

was a measurable loss of ENPs from solution (Figure S15). This loss is attributed to the 

bPEI-AuNPs attaching to the vessel walls. The extent of this loss decreased with 

increasing SRNOM concentration in a manner analogous to that observed in the presence 

of glass beads (Figure S16). As the bPEI-AuNPs became increasingly coated with 

SRNOM, the attachment efficiency between the ENPs and the vessel walls decreased. 

These losses were accounted for in the model as described below.

Modeling. The conceptual model developed in Equation 2 is now applied to the 

experimental data collected above. On the basis of the adsorption experiments with 

SRNOM and glass beads it can be assumed that the surface coverage of SRNOM on the 

glass bead surfaces is zero (θGB ≈ 0) and that the attachment efficiency between SRNOM 

coated surfaces and bare glass bead surfaces is also zero (αNOM-GB ≈ 0). Furthermore, 

because no aggregation of SRNOM was observed at the conditions of these tests, it can 

also be assumed that the attachment efficiency between two SRNOM coated surfaces is 

also zero (αNOM-NOM ≈ 0). As such, the conceptual model in Equation 2 simplifies to 
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Equation 3, where the total attachment efficiency for heteroaggregation is only a function 

of the attachment efficiency between the bare bPEI-AuNPs and the bare glass beads and 

the fraction of the bPEI-AuNP surfaces coated by SRNOM.

(3) 1tot
hetero ENP ENP GB    

The loss of bPEI-AuNPs to the vessel walls was incorporated into the model using a 

second term with the same form as Equation 3. Because the product αβB is measured in 

these tests, the model expression is rewritten to include the additional loss term as 

follows: 

(4)    model
1 ENP ENP GB ENP wall wallB B k       

where αENP-wall is the attachment efficiency between the bare bPEI surfaces and the vessel 

walls and kwall represents the effective first-order collision frequency between 

nanoparticles and the vessel walls. The term in square brackets represents the pseudo first 

order rate constant for the loss of bPEI-AuNPs in the absence of SRNOM and was 

quantified as the average measured at bPEI-AuNP concentrations of 2 and 5 mg/L.

Using only the average value of the pseudo-first order rate constant for the loss of bPEI-

AuNPs from suspension in the absence of SRNOM and the relationship between surface 

coverage and the DOM:ENP ratio (Figure 2b), the predicted rate constant was calculated 

as a function of DOM:ENP ratio using Equation 4 and is plotted alongside the 

experimental data in Figure 5. Figure S17 presents this same data as a function of θENP. 

The model clearly captures the trend in the data, further confirming the dependence of the 

process on surface coverage. However, the model overpredicts attachment rate constants 

for a broad range of DOM:ENP ratios. It is hypothesized that this overprediction results 

from incomplete accounting of geometric considerations stemming from the random 

sequential adsorption of SRNOM molecules onto the bPEI AuNP surfaces, and the 

relative sizes of the SRNOM, bPEI AuNPs and glass beads.64 

Page 18 of 29Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



17

As shown in the inset to Figure 5, attachment can be prevented at conditions where θENP 

< 1 due to blocking by previously adsorbed molecules. In addition to physical blocking, 

unfavorable electrostatic and steric interactions between NOM molecules likely further 

reduce the effective available surface area for attachment between the coated AuNPs and 

the glass bead surface. Blocking functions have been derived for various adsorption 

scenarios using random sequential adsorption (RSA) theory.64 However, the authors are 

not aware of theoretical functions for the present problem of partially coated particles 

attaching to a collector. In the absence of explicit information regarding the size and 

polydispersity of adsorbed SRNOM macromolecules, a blocking function of the 

following form is proposed to replace the quantity (1 − θENP) in Equation 4:

(5)
ENP

ENP limit
limit

ENP limit

1

0

  
 

 

 
    

 

where θlimit represents the fractional surface coverage of SRNOM on the bPEI-AuNP 

surface beyond which attachment to the glass beads is prevented. The form of the 

proposed blocking function is consistent with the formulation for adsorption of spherical 

particles onto a spherical collector65 and for adsorption of larger particles onto a surface 

pre-coated with smaller particles.66 Further, consistent with both of these cases, θlimit is 

expected to be dependent on the ratio of the SRNOM and bPEI particle radii. In this 

work, SRNOM is a heterogeneous mix of macromolecules that are varied in size and not 

necessarily well-represented as hard spheres. As a result, θlimit cannot easily be estimated 

from first principles. As shown in Figure 5, implementing the modified blocking function 

with θlimit as the sole fitting parameter (θlimit = 0.83) provides a substantially improved fit 

to the experimental data. 
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Figure 5. Experimentally measured pseudo first-order heteroaggregation rate constants 
(αβB) for collisions between bPEI AuNPs and glass beads and comparison with model 
predictions. 

In sum, these experimental results confirm the theoretical dependence of the 

heteroaggregation attachment efficiency on surface coverage27, 43, 50 and, through the 

proposed model, provide an explicit link between corona formation and attachment 

efficiency. The present work is limited in that DOM did not adsorb to a significant extent 

on the glass bead surfaces. As a result, the conceptual model was greatly simplified. 

Future research with a model colloid that also adsorbs DOM is necessary to validate these 

findings for cases where surface coverage on both the nanoparticle and colloid surfaces 

vary. Nonetheless, the clear dependence of heteroaggregation rate on the extent to which 

an eco-corona formed on the ENP surfaces indicates that the basis for this conceptual 

model is valid. Additional work is also necessary to further refine the geometric blocking 

functions so as to accurately represent collisons between surfaces partially coated with 

DOM on the basis of DOM, ENP and colloid properties.
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CONCLUSIONS

It is well established that eco-corona formation impacts collision efficiencies between 

particles in the environment. Yet, existing fate and transport models do not explicitly 

account for the process of eco-corona formation, nor the subsequent effects of these 

transformations on aggregation processes. The present work takes an important step in 

this direction, offering organic matter surface coverage as a mechanistic link between 

eco-corona formation and resulting attachment efficiencies. With the proposed 

framework, quantification of DOM adsorption onto particle surfaces, paired with 

knowledge of affinities between relevant surfaces (bare and DOM coated particles) can 

be used to predict attachment efficiencies in complex systems containing ENPs, DOM 

and natural colloids. 

The extent of corona formation on a given surface will be dictated by the relative 

concentrations of DOM and available surface area for adsorption, the character of the 

DOM and the particle surfaces, and the aqueous chemistry. This work strengthens 

previous assertions that laboratory experiments designed to quantify attachment 

efficiencies must take care to ensure that the DOM:ENP ratios utilized in these 

experiments are representative of those expected in the environment.35, 37 DOM:ENP 

ratios in natural and engineered systems are expected to be quite high (>1000 mass 

C/mass NP).60, 67, 68 If ENP concentrations are elevated in laboratory tests, this must be 

done in such a way that the extent of the resulting eco-corona formation (θENP) remains 

relevant to the system under investigation. This requires knowledge of how θENP varies 

with DOM:ENP ratio (i.e., an adsorption isotherm). 

This principle also extends to ensuring representative eco-corona formation on natural 

colloids or surrogates used in assays designed to determine heteroaggregation attachment 

efficiencies. Here, environmentally relevant DOM:NC ratios (and resulting values of θNC) 

must be maintained. For example, in their work applying glass beads as a surrogate 

natural colloid for estimation of heteroaggregation attachment efficiencies in wetland 
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mesocosms, Geitner et al.53 aged glass beads in mesocosm water prior to use as a way of 

achieving representative eco-corona formation. Similar approaches are suggested in 

future work using surrogates for naturally occurring colloids.

Finally, care must be taken to ensure that the relative concentrations of ENPs and natural 

colloids are chosen such that heteroaggregation dominates in assays designed to 

determine heteroaggregation attachment efficiencies. Regardless of study design, 

appropriate control experiments are needed to verify that homoaggregation does not 

occur to a significant extent, or as was the case in this work and that of Turner et al.52, 

that homoaggregation doesn’t impact the results of the surface affinity functional assay.

The current study is limited in focusing on a single, positively charged nanoparticle, a 

single model colloid that did not adsorb DOM, and a single DOM surrogate. Natural 

aquatic systems are expected to contain a diverse population of suspended particulates 

that are heterogeneous with respect to particle size and surface chemistry and DOM of 

widely varying character. However, this simplified model system was purposely chosen 

to facilitate the development of mechanistic understanding. The concentrations of AuNPs 

and glass beads were not environmentally relevant, but their relative concentrations were. 

Further, by systematically varying the ratio of DOM:ENPs, the dependence of 

heteroaggregation on surface coverage was revealed. The results of this study can be 

translated to the conditions expected in the environment by focusing on the ratio of the 

three relevant species and the resulting surface coverage. Thus, it is predicted that bPEI-

AuNPs would be completely coated by SRNOM at environmentally relevant DOM:ENP 

ratios, resulting in negligible homo- and heteroaggregation in natural systems. 

Demonstration of the relationship between DOM surface coverage and resulting 

attachment efficiencies provides a needed mechanistic link between the processes of eco-

corona formation and ENP aggregation. Yet, further work is necessary to extend the 

model developed here to more complex systems involving a broader array of ENP types, 

DOM, and colloid surrogates or naturally occurring particles. Detailed investigations of 
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the rate and extent of DOM adsorption onto engineered and natural particle surfaces are 

necessary, as are efforts to quantify the individual affinities between bare and DOM 

coated particle surfaces (αi-j) that appropriately accounts for random sequential adsorption 

theory and geometric blocking between heterogeneously coated surfaces. Identification of 

DOM and ENP properties that are predictive of DOM adsorption are also needed. Efforts 

in these areas are expected to yield the parameters necessary to predict attachment 

efficiencies for relevant environmental aquatic systems.
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