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Environmental Significance statement

Nanoparticle-Membrane interactions are a complex interplay of a myriad of factors. 
Elucidating the relative contributions of these factors and identifying the mechanisms 
involved is the key for enhancing the performance of nanoparticles (e.g., as carriers for 
targeted drug delivery) and minimizing their unintended consequences (e.g., 
cytotoxicity). Using a novel combination of quartz crystal microbalance with dissipation 
monitoring (QCM-D) and surface-enhanced infrared absorption spectroscopy (SEIRAS), 
this study for the first time revealed the unique importance of chaotropic anions in 
exerting their influences in membrane disruption by modifying the charge and 
hydrophobicity of nanoparticles and/or supported lipid bilayers. Our findings have 
important implications in working towards a rational design of nanoparticles for better 
control of their cellular uptake.

Page 1 of 23 Environmental 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



Interactions between Polystyrene Nanoparticles and Supported Lipid Bilayers: 

Impact of Charge and Hydrophobicity Modification by Specific Anions

Zehui Xiaa, April Woodsb, Ian J. Burgessb, Boris L. T. Laua

aDepartment of Civil & Environmental Engineering, University of Massachusetts Amherst, 130 

Natural Resources Road, Amherst, MA 01003, USA 

bDepartment of Chemistry, University of Saskatchewan, 110 Science Place, Saskatoon, SK 

S7N5C9, Canada

Correspondence: Boris L. T. Lau                                                                 
E-mail: borislau@umass.edu

Page 2 of 23Environmental 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

mailto:borislau@umass.edu


Abstract

Understanding how surface forces and aqueous ions influence the interactions between 

nanoparticles (NPs) and supported lipid bilayers (SLB) is central to all disciplines interested in 

studying the nano-bio interface. A prevailing understanding is that cationic NPs have higher 

penetrating capability across cell membranes. In contrast, we report in this study that anionic 

polystyrene NPs are capable of binding and penetrating SLB formed by zwitterionic DOPC 

when charge and hydrophobicity work in concert with specific anions. The preferential 

deposition of anionic NPs into the bilayer is rationalized electrostatically by considering the 

slightly positive charge of DOPC. In addition to charge, NP hydrophobicity played an important 

role in the subsequent penetration of anionic NPs into SLB. The extent of NP deposition was 

modulated by chaotropic anions ( ). This study also demonstrates the promise of using a NO ―
3

novel combination of surface sensitive techniques, quartz crystal microbalance with dissipation 

monitoring (QCM-D) and surface-enhanced infrared absorption spectroscopy (SEIRAS), to 

extend current understanding of NP-SLB interactions to the molecular scale. 
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1. Introduction

Identifying the mechanisms of interactions of nanoparticles (NPs) with cell membranes is the 

key for enhancing the performance of NPs in various applications (e.g., as carriers for targeted 

drug delivery) and minimizing unintended consequences (e.g., cytotoxicity). The potential 

environmental hazards of nanomaterials are not only determined by the physicochemical 

properties of NPs but also on the interactions of these NPs with immediate surrounding 

environment. As the primary protective barrier for all living organisms, cell membrane is a 

ubiquitous surface that NPs will encounter in the environment. Understanding NP-membrane 

interactions is essential to better evaluate the toxicity and bioavailability of nanomaterials. NP-

membrane interactions are a complex interplay of a myriad of factors including, but not limited 

to, NP characteristics (e.g., size,1 shape,1 charge2), membrane complexity (e.g., membrane 

protein content and composition3 and the presence of phase-segregated lipid domains4) and 

solution chemistry (e.g., ionic strength5 and ion type6). Specific interactions between NPs and 

cell membrane cannot be easily elucidated by cell culture experiments alone. As such, different 

membrane models,7 model NPs,8 and analytical tools9-11 have been used over recent decades and 

reviewed at length elsewhere.12 

Many reports in the literature point to the important (yet controversial) role of surface 

charge in regulating the cellular uptake of NPs.13 Cationic NPs are known to cause more 

disruption of the membrane and stronger mitochondrial and lysosomal damage than anionic 

NPs.13-16 However, for some NPs, such as polylactic-co-glycolic acid (PLGA NPs), charge 

appears to play no role in cytotoxicity.17 While Duan and Nie18 reported preferential cellular 

uptake of anionic quantum dots, other studies19, 20 found greater internalization of cationic 

quantum dots. Different degrees of NP hydrophobicity may be one reason for these disparate 

results. Sun et al.21 showed that an increase in NP hydrophobicity enhanced the affinity of gold 

NPs to the cell membrane and induced rapid endocytosis. Using coarse-grained molecular 

dynamics simulations, Su et al.22 found that semi-hydrophobic NPs are most capable of 

translocating across membranes. Stellacci et al.23, 24 found that gold NPs functionalized with 

ordered hydrophilic and hydrophobic domains can penetrate the cell membrane through passive 

diffusion. Specific ion effects, in which ions with the same charge show different behavior, are 
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known to have an impact on membrane structure (e.g., thickness and curvature).25-28 

Kosmotropic (highly solvated) and chaotropic (poorly solvated) ions are expected to modulate 

NP-supported lipid bilayer (SLB) interactions by binding to the surface of NPs and/or SLB. 

For the deposition of charged NPs on zwitterionic (charge-neutral) lipids, there are also 

conflicting reports on whether cationic or anionic NPs have preferential deposition. Inconsistent 

findings still exist, even when comparing studies from different groups that used the same model 

lipid and NPs. Granick et al.29, 30 suggested that anionic NPs would adsorb more strongly than 

cationic ones because of the geometrical relation between the P- -N+ dipole of the headgroup in 

DOPC (1,2-Dioleoyl-sn-glycero-3-phosphocholine, Figure S1) and the charge of the adsorbing 

NPs. On the other hand, Zimmermann et al.31 suggested that cationic NPs preferentially bind at 

physiological pH because DOPC has an isoelectric point of about 4. They attributed the charging 

of the distal membrane leaflet to the unsymmetrical adsorption of hydroxide and hydronium ions. 

The contradictory observations mentioned above suggest that the roles of charge, ion 

specificity, and NP hydrophobicity remain unresolved and stress the need for further 

investigation on their impact on NP-SLB interactions. Polystyrene NPs (60 nm) are used in this 

study as a convenient and well-established platform to interrogate nano-bio interactions. They 

have long been exploited in various applications such as biosensing32 and photonics.33 

Polystyrene is well known for its low polydispersity and ability to form stable colloids in 

biological fluids. In addition to its excellent tunability in size and functionalization, polystyrene 

NPs recently became an emerging concern due to the potential environmental threat they present. 

A recent review provided an overview of the literature on the emergence of nanoplastic in the 

environment and possible impact on human health.34 In 2016, around 335 million metric tons of 

polymers used as plastics were produced worldwide.34 An estimate of 4.8 to 12.7 million tons of 

mismanaged plastic waste was generated in 192 coastal countries and discarded into the ocean in 

the year 2010.35 This study sets itself apart by examining the interactions of charged polystyrene 

NPs with supported zwitterionic DOPC bilayer using a novel combination of quartz crystal 

microbalance with dissipation monitoring (QCM-D) and surface-enhanced infrared absorption 

spectroscopy (SEIRAS). While QCM-D quantifies the deposition dynamics of NPs in real-time, 

SEIRAS provides evidence of NP interactions with different lipid components (hydrophilic head 
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and hydrophobic tail) and the associated changes of interfacial water. Overall, we found that the 

interplay of three effects (electrostatics, NP hydrophobicity and specific ions) provided a 

concerted effort to facilitate NP-SLB interactions. 

2. Experimental section

2.1 Materials and Solution Chemistry

DOPC dissolved in chloroform was purchased from Avanti Polar Lipids (Alabaster, AL) and 

used as received. Its molecular structure is shown in Figure S1. Aminated polystyrene 

nanoparticles (PS-NH2) and carboxylated polystyrene nanoparticles (PS-COOH) of 60 nm 

diameters were purchased from Magsphere Inc. (Pasadena, CA). All solutions were prepared 

with ACS grade chemicals (Fisher scientific) using Milli-Q (Millipore, Billerica, MA) water with 

a resistivity of 18.2 MΩ cm. Syringe filters of 0.2 µm pore size (Millipore, Billerica, MA) were 

used to filter buffer solutions and DOPC vesicle suspensions. All experiments were conducted at 

the pH of 7.5 ± 0.1. Other chemicals utilized in the experiment include Sodium dodecyl sulfate 

(SDS) and ethanol to clean the QCM-D flow modules.

All experiments were conducted at pH 7.5 using 150 mM electrolytes of either NaF or 

NaNO3. Either PBS or HEPES was used as pH buffer to adjust the solution pH. All buffers were 

filtered through 0.2 µm membrane filter before use.

2.2 Dynamic Light Scattering

Hydrodynamic diameters (DH) of DOPC vesicles and NPs were measured by dynamic light 

scattering (DLS, Zetasizer Nano, Malvern Panalytical Ltd., Worcestershire, UK). A disposable 

polystyrene 1 cm cuvette (Sarstedt AG&Co., Nümbrecht, Germany) filled with 1 ml aliquot of 

the sample was placed in the instrument sample holder. Scattering of the incident light (563 nm 

wavelength) was measured at 173°. The average DH were calculated approximately by averaging 

10-15 individual 10 s measurements. All diameter measurements were conducted at 25 °C. At 

least five measurements were taken for each sample. Zeta (ζ) potential values were estimated 

from the electrophoretic mobility (EPM) of 1 ml aliquot solution in a folded capillary cell (DTS 

Page 6 of 23Environmental 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



1061, Malvern Panalytical Ltd., Worcestershire, UK). Nine measurements of ζ-potentials were 

conducted for each sample.

2.3 Quartz Crystal Microbalance with Dissipation Monitoring

The formation of DOPC SLB on sensor surfaces and subsequent deposition of NPs were detected 

by a quartz crystal microbalance with dissipation monitoring (QCM-D, Q-Sense E4, Gothenburg, 

Sweden). Silica sensors (QSX 303, Q-Sense AB, Gothenburg, Sweden) were used as substrates 

in all experiments. For cleaning, all sensors were soaked in SDS solution overnight, rinsed by 

Milli-Q, dried under a nitrogen stream and treated with UV/Ozone Procleaner (Bioforce 

Nanosciences., Salt Lake City, UT) for 30 minutes. The temperature inside the module was 

maintained at 25 ºC all time. Typical QCM-D experiments involved passing solutions of DOPC 

vesicle suspension through the flow module that contained the silica sensor at a velocity of 0.1 

mL/min using a peristaltic pump (Ismatec, Wertheim, Germany), and changes in resonance 

frequency (∆f) and dissipation (∆D) were monitored as the mass deposition and film elasticity 

properties. With the best signal-to-noise ratio, ∆f and ∆D obtained from the 7th overtone of are 

presented and discussed in this study. Representative ∆f and ∆D during the formation of DOPC 

SLB on the silica sensor was shown in Figure S2. Frequency and dissipation changes after the 

formation of SLB and subsequent rinse of buffer was used as reference in all QCM-D analysis. 

Following the SLB formation, 0.1 g/L NP suspension was introduced to the flow module and 

their interaction with SLB was monitored in real-time. After the experiment, QCM-D flow 

modules were cleaned by rinsing with Milli-Q water and SDS with all tubing connected as 

described by Cho et al.36 

2.4 Surface Enhanced Infrared Absorption Spectroscopy

In surface-enhanced infrared absorption spectroscopy (SEIRAS), surface enhancement is 

achieved by modifying the reflecting surface of an internal reflection prism, such as a Si 

hemisphere, with a thin metallic layer. The preparation of a gold film on a polished Si 

hemisphere (Harrick Scientific Products, Inc., Pleasantville, New York) for SEIRAS 
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measurements is described in the Supporting Information and by Miyake et al37 with procedural 

variations detailed by Rosendahl et al.38 

Here we employed a solvent-assisted lipid bilayer (SALB) formation method to form 

continuous and uniform SLB on gold surfaces.39, 40 SALB involves a slow and continuous flow 

of aqueous buffer into the organic phase containing dissolved lipid in which the solid substrate of 

interest is immersed. We adapted the procedure outlined by Tabaei et al39 to our SEIRAS 

spectroelectrochemical cell. Details on the SLB formation can be found in the Supporting 

Information. After SALB formation, increasing concentrations of NP suspension up to 0.1 g/L 

were added to the cell, followed by the introduction of increasing concentration of electrolyte 

solutions to a final 150 mM ionic strength. A SEIRA spectrum after DOPC bilayer formation 

was used as the reference. Alternatively, SEIRA spectra were calculated using the single beam 

spectrum prior to the formation of the bilayer and these renditions of the data are shown in the 

Supporting Information. Downward peaks indicate a decrease in absorption for a given vibration 

mode, due to either less mass density or a diminishing alignment of the transition dipole 

perpendicular to the substrate surface. Upward peaks demonstrate the increase of the vibration 

either in density or alignment.

2.5 Octanol-water partition coefficient measurements

Octanol-water partition coefficients (KOW) of NPs were measured to determine the relative 

hydrophobicity of the polystyrene NPs. We adapted the shake-flask method described by Xiao et 

al41 which was analogous to KOW measurements performed for organic compounds. 10 ml 

octanol and 10 ml buffer solutions were premixed and shaken at 200 rpm on an orbital shaker 

overnight before use. 150 µL of 1 g/L NP solutions were added to the aqueous phase carefully, 

after which the mixture was shaken for another 24 h at room temperature. The mixture was then 

allowed to stand and equilibrate for approximately 3 h. The aqueous phase was collected for 

nanoparticle concentration determination by UV-Vis spectrophotometer. The KOW was 

calculated by comparing initial NPs concentration and aqueous one. Measurements were 

performed in triplicate. 
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3. Results and discussion

3.1 Anionic PS-COOH induced SLB disruption

Both QCM-D and SEIRAS confirmed the deposition of PS-COOH onto SLB. The exposure of 

SLB to PS-COOH resulted in a frequency shift (∆f) of 360Hz (Figure 1a, blue line) and a 

dissipation shift (∆D) of 76 ×10-6 (Figure 1a, red line). This indicated that the deposition of PS-

COOH induced a change in SLB structure. Before NP deposition, SLB are compact structures 

lying close to the sensor surface with an almost unmeasurable ∆D of 0.1×10-6 (Figure S2). The 

deposition of PS-COOH caused the SLB to become structurally less compact. SEIRAS peaks 

associated with polystyrene (~ 1450 cm-1, 1500 cm-1, 3010 cm-1) also verified the deposition of 

PS-COOH (Figure 2a). SEIRAS provided additional information that is invisible to QCM-D by 

showing downward absorption changes in the C-H stretch (~ 2800-3050 cm-1, ROI 1 in Figure 

2a) as well as C=O region (~ 1750 cm-1, ROI 2 in Figure 2a), indicating a loss of CH2, CH3 and 

C=O groups from the bilayer. Hydrocarbon groups are primarily present in the hydrophobic lipid 

tail region which make up the interior of SLB, while carbonyl groups are generally considered as 

part of the hydrophilic lipid heads. These observations suggested that once deposited, PS-COOH 

were able to penetrate the bilayer and displace the lipid components.

The upward feature of the SEIRAS spectra, at wavenumber > ~ 3700 cm-1, appeared to 

be an artifact as its line shape was very broad and extended above 3900 cm-1 (ROI 3 in Figure 

2a). Inspection of the single beam data (Figure S7) reveals a systematic shift in the energy curve 

at high frequencies upon the increase in ionic strength. Despite this artifact, it is noteworthy that 

the peak of negative feature associated with the OH stretch region was shifted to low energy (~ 

3300 cm-1, ROI 3 in Figure 2a) compared to the corresponding feature in highly isolated water 

molecules which appears above 3700 cm-1.42 The position of the OH stretch peak is highly 

dependent on the extent of hydrogen bonding in water molecules near metal surfaces.42, 43 The 

apparent preferential loss of heavily hydrogen-bonded water potentially indicated that the water 

cushion layer supporting the SALB-formed SLB was significantly disrupted after the deposition 

of PS-COOH. 
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Together with the QCM-D results, the spectral fingerprints provided by SEIRAS 

suggested that once deposited onto SLB, anionic PS-COOH were able to not only penetrate into 

the SLB interior and disrupt the bilayer integrity but also affect the distribution of surrounding 

interfacial water.

3.2 Cationic PS-NH2 did not penetrate SLB

To determine the role of NP surface charge on NP-SLB interaction, the deposition of cationic 

PS-NH2 onto SLB was examined accordingly. The addition of PS-NH2 resulted in a ∆f of -1.0 

Hz (Figure 1b, blue line) and upward absorption changes in the C-H stretch region in the 

corresponding SEIRAS spectrum (~ 2800-3000 cm-1, ROI 1 in Figure 2b). The structure of SLB 

was slightly less compact after the introduction of PS-NH2 with a ∆D of 0.4 × 10-6 (Figure 1b, 

red line). Both ∆f and ∆D were in striking contrast to the deposition of PS-COOH (∆f = -360 Hz 

and ∆D = 76 × 10-6). About 100 seconds after the addition of PS-NH2, ∆f and ∆D were reversed 

back to -0.4 Hz and 0.2 × 10-6 without further change after rinsing with buffer, suggesting a 

minimum mass loss and structural change from the substrate surface. This observation is 

consistent with the loss of water, as indicated by the downward bands observed in the SEIRAS 

spectra corresponding to the OH stretch region (~ 3500 cm-1, ROI 3 in Figure 2b). However, 

there was no evidence of changes in the bilayer due to a lack of substantial changes in the C=O 

stretch region (~ 1750 cm-1, ROI 2 in Figure 2b). It is likely that the deposition of PS-NH2 only 

displaced the water bound to the lipid head groups without further SLB penetration.

Despite the use of zwitterionic lipids (i.e., DOPC), we found that electrostatic forces can 

still play a role in the interactions. The slightly positive ζ-potential of DOPC (6.13±1.11 mV, 

Table 1) provided evidence of an electrostatically favorable condition for the preferential 

deposition of PS-COOH. In contrast, NP deposition and membrane disruption was suppressed at 

a lower ionic strength (10 mM NaF) due to electrostatic repulsion between PS-COOH and SLB 

(see Figures S4 and S5 and Table S1). A SLB consists of two lipid monolayers, each of which 

contains a hydrophilic lipid head layer facing the bulk solution and a hydrophobic lipid tail layer 

shielded from the solvent in the center. It is thus expected that hydrophobic NPs would have 

more interactions with SLB and subsequently alter their structure, leading to membrane 
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disruption. Previous studies found that some hydrophobic NPs  could penetrate into the bilayer 

and some semi-hydrophobic NPs with high surface charge density could alter bilayer packing 

density to induce membrane defects.29, 44-46 In this study, we used the octanol-water distribution 

coefficient (KOW) as a surrogate measure of NP hydrophobicity. Anionic PS-COOH used in this 

study appeared to be more hydrophobic, with a KOW that is about 7 times of PS-NH2 (0.89 vs. 

0.12, Table 1). Upon deposition onto the bilayer, PS-COOH possessed a stronger affinity with 

the hydrophobic lipid tails, facilitating the membrane disruption (Figure 3a). In contrast, the less 

hydrophobic PS-NH2 appeared to stay at the top of the bilayer and only displaced water bound to 

the phosphatidyl lipid head groups with minimal membrane disruption (Figure 3b). 

3.3 Specific anions modulated the extent of NP deposition

In addition to the effects of NP surface charge and hydrophobicity, we attempted to understand 

the role of specific anions in regulating NP-SLB interactions. In the discussion above, we used 

NaF as the electrolyte to examine the difference in membrane penetration between cationic PS-

NH2 and anionic PS-COOH. The experiment was repeated using a different electrolyte (NaNO3) 

under the same ionic strength of 150 mM. Different ions are known to have various preferences 

to adsorb onto surfaces, subsequently altering their surface chemistry and hydrophobicity.47-57 

The relative strength of an anion to drive hydrophobic interactions is given by the Hofmeister 

series, with a typical order of  >  >  >  >  >  for selected  H2PO4
― F ― CH3COOH ― Cl ― NO ―

3 SCN ―

anions.47, 48 Some studies also reported the importance of the Hofmeister series in determining 

colloidal stabilities and cell membrane physicochemical properties.26, 49, 51-56, 58, 59 Depending on 

their positions on the series, anions are generally categorized as kosmotropic (on the left side of 

the series, such as  or chaotropic (on the right side of the series, such as ), which F ― ) NO ―
3

usually corelates with their hydration behaviors and ability to disturb the hydrogen-bonding 

structure of water molecules.47, 48, 50, 51, 55, 57 Kosmotropic anions are highly solvated ions with 

strong ability of promoting water structures (structure makers). In contrast, chaotropic anions are 

poorly solvated, with ability to disrupt hydrogen-bonding structures (structure breakers).48, 51, 55

In the case of anionic PS-COOH, our results indicated that NP hydrophobicity is 

important in driving membrane disruption. According to the Hofmeister series, a chaotropic 
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anion ( ) would have a higher affinity with the PS-COOH than .51 Upon approaching NP NO ―
3 F ―

surfaces, nitrate anions are more capable in breaking the hydrogen-bonding structure of the 

hydration shell bound to PS-COOH and subsequently adsorb onto the NPs, resulting in an 

increase in hydrophilicity of PS-COOH (Figure 5b, Table 1). It has been reported that chaotropic 

anions have deeper penetration into the bilayer than kosmotropic anions, which may reduce the 

hydrophobicity of the bilayer interior in a similar way (Figure 5b).52-54, 59 We observed that the 

∆f and ∆D were more substantial in the presence of  (-360 Hz and 76 × 10-6, Figure 1a) than F ―

 (-35 Hz and 7.2 × 10-6, Figure 4a). Hence, the hydrophobic interaction between PS-COOH NO ―
3

and lipid bilayers can be substantially weakened by nitrate anions. 

Since PS-NH2 used in this study were more hydrophilic, the effects of specific ions were 

not as pronounced (∆f = -8.2 Hz in vs. -1.0 Hz in , Figures 1b and 4b). This difference NO ―
3  F ―

could be due to the interactions between anions and the SLB, especially the lipid headgroups. 

Chaotropic anions have been reported to have higher binding affinity with neutral POPC lipid 

headgroups than non-chaotropic anions.52, 59 Therefore, a greater amount of hydrogen-bonding 

structure bound to the lipid headgroups would be destroyed in the presence of  than , NO ―
3 F ―

resulting in a higher loss of SLB interfacial water and subsequently more deposition of PS-NH2 

(Figure 6). 

4. Conclusions

This study provided insights into the complex nature of interactions between polystyrene NPs 

and DOPC SLB by examining the interplay of the effects (electrostatic, hydrophobic and specific 

anions) involved. We found that NP-SLB interaction is a multi-step process: electrostatics-driven 

deposition of NPs onto the SLB surface, followed by hydrophobic contact and final embedding 

of NPs. This is consistent with previous computational studies using atomistic and coarse-

grained molecular dynamics simulations.60-64 For the first time, the combined use of QCM-D and 

SEIRAS allows us to better assess the NP deposition dynamics as well as the associated SLB 

disruption. While cationic PS-NH2 had minimal interactions with SLB, anionic PS-COOH had a 

higher extent of 1) deposition, 2) SLB disruption, and 3) disruption of interfacial water. Our 

results suggest that specific ions exert their influences by modifying the charge and 
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hydrophobicity through preferential sorption onto NPs and/or SLB. Further studies are needed to 

investigate the role of chaotropic anions with different types of NPs in more environmentally and 

biologically relevant systems.
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Figures and Tables

Figure 1. Frequency shifts (blue) and dissipation changes (red) monitored by QCM-D during the 
deposition of PS-COOH (a) and PS-NH2 (b) onto SLB at 150 mM NaF, pH 7.5. A typical 
experiment consists of stages illustrated in the figure: (1) buffer solution only; (2) introduction of 
NPs; and (3) buffer solution only.

Figure 2. SEIRAS spectra recording the deposition of PS-COOH (a) and PS-NH2 (b) onto SLB 
at 150 mM NaF, pH 7.5. The spectra are presented as the change in absorbance referenced to the 
interface before adding NPs and after the formation of DOPC bilayer. Different regions of 
interest (ROI) marked as frames in the figure represent: 1) hydrocarbons, 2) carbonyl groups and 
3) water regions.
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Figure 3. Schematic representations of the interactions of SLB with PS-COOH (a) and PS-NH2 
(b) at 150 mM NaF, pH 7.5 (not drawn to scale). 

Figure 4. Frequency shifts (blue) and dissipation changes (red) monitored by QCM-D during the 
deposition of PS-COOH (a) and PS-NH2 (b) onto SLB at 150 mM NaNO3, pH 7.5. A typical 
experiment consists of stages illustrated in the figure: (1) buffer solution only; (2) introduction of 
NPs; and (3) buffer solution only.
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Figure 5. Schematic representations of PS-COOH-SLB interactions in the presence of  (a) F ―

and  (b) (not drawn to scale). Note that 1) the hydrophilicity of PS-COOH was enhanced in NO ―
3

the presence of , and 2) both PS-COOH and SLB interior possessed greater hydrophilicity NO ―
3

since  is known for better SLB penetration. NO ―
3

Figure 6. Schematic representations of PS-NH2-SLB interactions in the presence of  (a) and F ―

 (b) (not drawn to scale). Note that there are more  adsorbed onto SLB headgroups, NO ―
3 NO ―

3
which potentially lead to greater interfacial water loss than the scenario with F ― .
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Table 1. Physicochemical properties of nanoparticles and lipid vesicles at 150 mM NaF or 
NaNO3, pH 7.5.

DH, nm ζ-potentials, mV KOW

NaF NaNO3 NaF NaNO3 NaF NaNO3

PS-COOH 59.29 ± 0.60 56.19 ± 0.60 -41.8 ± 1.63 -41.90 ± 1.96 0.89 ± 0.01 0.39 ± 0.03
PS-NH2 60.05 ± 0.75 58.21 ± 0.63 42.2 ± 1.93 35.00 ± 1.58 0.12 ± 0.02 0.23 ± 0.08
DOPC 48.33 ± 0.40 49.15 ± 0.12 6.13 ± 1.11 -5.69 ± 1.35 N/A N/A
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