
The role of surface functionality in determining nanoparticle

cytotoxicity

Sung Tae Kim, Krishnendu Saha, Chaekyu Kim, and Vincent M. Rotello*

Department of Chemistry, University of Massachusetts-Amherst, 710 North Pleasant St.,

Amherst, MA 01003 (USA)

CONSPECTUS

Surface properties dictate the behavior of nanomaterials in vitro, in vivo and in the environment.

Such properties include surface charge and hydrophobicity. Also key are more complex

supramolecular interactions like aromatic stacking and hydrogen bonding, and even surface

topology from the structural to the atomic level. Surface functionalization of nanoparticles (NPs)

provides an effective way to control the interface between nanomaterials and the biological

systems they are designed to interact with. In medicine, for instance, proper control of surface

properties can maximize therapeutic or imaging efficacy while minimizing unfavorable side

effects. Meanwhile, in environmental science, thoughtful choice of particle coating can minimize

the impact of manufactured nanomaterials on the environment.

A thorough knowledge of how NP surfaces with various properties effect biological systems is

essential for creating NPs with such useful therapeutic and imaging properties as low toxicity,

stability, biocompatibility, favorable distribution throughout cells or tissues, and favorable

pharmacokinetic profiles--and for reducing the potential environmental impact of manufactured

nanomaterials, which are becoming increasingly prominent in the marketplace.

In this Account, we discuss our research and that of others into how NP surface properties control

interactions with biomolecules and cells at many scales, including the role the particle surface

plays in determining in vivo behavior of nanomaterials. These interactions can be benign,

beneficial, or lead to dysfunction in proteins, genes and cells, resulting in cytotoxic and genotoxic

responses. Understanding these interactions and their consequences helps us to design minimally

invasive imaging and delivery agents.

We also highlight in this Account how we have fabricated nanoparticles to act as therapeutic

agents via tailored interactions with biomacromolecules. These particles offer new therapeutic

directions from traditional small molecule therapies, and with potentially greater versatility than is

possible with proteins and nucleic acids.
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INTRODUCTION

Nanoparticles (NPs) are promising scaffolds for applications such as imaging,1 diagnostics,2

drug delivery,3 catalysis,4 solar cells,5 and sensors.6 NPs with a variety of core materials

(metal, semiconductor, and organic) can be applied to biological systems.7 The surface

functionalization of NPs introduces an additional dimension in regulating NP interfacial

properties8 that can be used to dictate interactions with biosystems.9,10 These interactions

play a predominant role in determining the efficacy and toxicity11 of NPs in biological and

environmental systems.12,13

Biological systems respond strongly to NP surfaces.14 NPs can interact with cellular

components including DNA, proteins, and lipids, as well as with cells or tissues. For

example, NPs can cause structural reconstruction and phase transition of the cell

membrane.15 After internalization into the cells, they can also interact with cytosolic

components (e.g. proteins and enzymes)16,17 as well as nuclear components (e.g. DNA)18

leading to disturbance of electron/ion transport through membranes,19 the production of

endogenous reactive oxygen species (ROS),20 and genotoxicity.21 Beyond the cellular level,

NP-cell interactions can cause adverse physiological effects such as inflammation22 and

immunological responses23 that lead to dysfunction of the tissues and organs.24

In this Account, we focus on our research and others in the field into the role of NP surface

functionality in governing their toxicity. We will also discuss how we have harnessed our

current understanding of NP interfaces to engineer tunable NPs for improved therapeutics.

Surface Functionalization of Nanoparticles

Surface functionalization of NPs is an important aspect in tailoring NPs for specific

therapeutic/diagnostic purposes. A wide variety of synthetic and natural ligands have been

attached to NP surfaces, improving the stability/solubility of the NPs25 as well as

incorporating targeting ligands and/or therapeutic agents.26 Characterization of these

particles is challenging, but essential for their use. Several analytical tools are available to

characterize the NP surface composition and the purity of NPs. Chemists rely on multiple

characterization techniques such as nuclear magnetic resonance (NMR), thermogravimetric

analysis (TGA), dynamic light scattering (DLS), mass spectrometry (MS) and transmission

electron microscopy (TEM) to ascertain NP structure and purity.27 In brief, the initial

characterization using 1H NMR confirms the success of place exchange reaction by

checking for the absence of any sharp peaks arising from free ligands. MS measurements

further confirs the ligand purity and coverage on the NP surface. In addition, DLS

measurements provide additional information about NP properties such as the size and the
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surface charge of NPs, thereby confirming their colloidal stability. TEM analysis provides

crucial information on the size and homogeneity of NPs. This extensive surface

characterization is mandatory for understanding the behavior of these systems for

fundamental studies as well for quality control in their applications.

INTERACTIONS OF NANOPARTICLES WITH BIOLOGICAL SYSTEMS

Surface Functionality of Nanoparticles and Membrane Perturbation

NPs can cause structural reconstruction and phase transition of the cell membrane’s lipid

bilayer.28 Direct interaction of surface functionalized NPs with cells can damage the

integrity of membrane structure, with the extent of leakage depending on the NP surface

chemistry.29 In early studies on NP toxicity, Rotello et al. demonstrated that a cationic

mixed monolayer protected cluster (MMPC1) showed higher cytotoxicity than its anionic

analogue (MMPC2), demonstrating the key role of surface charge on NP cytotoxicity

(Figure 1a).30 Likewise, MMPC1 disrupted anionic phosphatidylcholine/phosphatidylserine

vesicles more efficiently than MMPC2 due to strong electrostatic interactions with the

negatively charged lipid bilayer (Figure 1b). Similarly, alkylamine functionalized NPs with

2 nm gold cores were shown by Holl to disrupt supported lipid bilayers (SLB).31 These NPs

expanded pre-existing defects within the SLB and aggregated on the anionic mica substrate.

Zhu et al. reported that the degree of SLB disruption depends on the surface chemistry with

carboxylate functionalized polystyrene NPs of varying diameters (d=28, 62, and 140 nm).32

These findings were verified by simulation/modeling studies using a mesoscale

thermodynamic model.33

Mukherjee and Rotello et al. further investigated the role of the NP surface charge on cell

membrane potential. Four gold NPs with varying surface charges (e.g. cationic, anionic,

zwitterionic, and neutral) were incubated with cells (Figure 2a).34 Positively charged gold

NPs depolarized the membrane potential in a dose dependent manner across different cell

types compared to other NPs (Figure 2b). Furthermore, cationic NPs rapidly increased the

intracellular Ca2+ concentration, [Ca2+]i by stimulating plasma membrane Ca2+ influx as

well as Ca2+ release from the endoplasmic reticulum, with concomitant inhibition of

proliferation of human bronchial epithelial cells (BEC) and human airway smooth muscle

cells (ASM) (Figure 2c).35 Taken together, positively charged NPs lead to perturbation of

the cell membrane by structural reconstruction and phase transition of the lipid bilayer.

Furthermore, they induce cytotoxicity and/or cell death due to intracellular signaling by

changing the membrane potential and increasing [Ca2+]i.

These findings demonstrate that positively charged NPs can modulate cell-membrane

potential, ultimately disrupting the lipid bilayer during cellular uptake. Such depolarization

of cell membrane enhances the cellular uptake of cationic NPs, but inhibits cell proliferation,

and ultimately induces cell death. Therefore, like two sides of the same coin, these opposing

actions require attention and understanding in designing NP surface functionality.

Surface Functionality of Nanoparticles and Genotoxicity

NPs can affect gene regulation and genotoxicity through the direct interaction with genetic

materials or by promoting endogenous oxidative stress and inflammation.21 Rotello et al.

investigated mixed monolayer protected gold clusters (MMPCs) functionalized with

tetraalkylammonium ligands that can interact with the DNA backbone (Figure 3a).36 This

complimentary electrostatic interaction with the DNA (37 mer) inhibited T7RNA

polymerase in vitro (Figure 3b). A further study observed that MMPC-DNA interaction

could be influenced by the levels of glutathione (GSH) that controls the intracellular redox

environment.37 Although the interaction between MMPC and DNA varies from the choice

of monolayer coverage, up- or down-regulated transcription derived by NP interaction can
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cause cellular DNA damage and genotoxicity. For example, El-Sayed et al. reported 30 nm

gold NPs featuring arginine-glycine-aspartic acid (RGD) and nuclear localization signal

(NLS) peptides cause DNA damage and cytokine arrest in human oral squamous cell

carcinoma cells (HSC).38 Chen et al. also demonstrated cationic amine-modified polystyrene

NPs retarded the G0/G1 phase in the cell cycle with concomitant decrease in the expression

level of cyclin D and cyclin E.39 Hussain et al. likewise reported gene expressions related to

apoptosis, cell cycle, and DNA repair were up-or down-regulated due to gold NP surface

charge and functionality.40

In addition to surface charge, surface hydrophobicity of NPs also plays an important role in

cytotoxicity and consequent DNA damage. Rotello et al. synthesized gold NPs featuring

quaternary ammonium functionality with a systematically varied hydrophobic alkyl chain

(Figure 4a).41 Increasing hydrophobicity on the NP surface resulted in higher cytotoxicity

(Figure 4b) with concomitant ROS production in HeLa cells (Figure 4c). However, comet

assays using NP-HEX showed relatively lower % Tail DNA and Tail length, signifying

decreased DNA damage with increasing particle hydrophobicity (Figure 4d), probably due

to the up-regulation of autophagic processes under oxidative stress.42 Therefore, surface

functionality plays an important role in DNA damage as well as ROS production, with

potential toxic consequences.

In summary, once NPs are internalized into cells the surface functionality of NPs dictates

genotoxicity both directly and indirectly. Notably, hydrophobicity of NP’s surface is as

important as the surface charge in dictating genotoxicity. Based on our findings, modulation

of hydrophobicity suggests an opportunity to regulate genotoxicity Overall, these studies

clearly indicate that by modulating the simple chemistry of the NP surface, an optimum

monolayer can be found to minimize genotoxicity and other detrimental subcellular events.

Surface Functionality of Nanoparticles and Protein Function

Interaction of surface functionalized NPs with proteins can lead to conformational changes

perturbing protein function. The properties of surface monolayers control the extent of

protein denaturation on NP surfaces.43,44 In early studies, Rotello et al. investigated NP-

protein interactions using anionic mercaptoundecanoic acid (MUA)-functionalized gold NPs

(2 nm core).45 MUA-gold NPs interacted selectively with the protease chymotrypsin (ChT),

resulting in an inhibition of enzymatic activity (apparent inhibition constant, Ki=10.4±1.3

nM). This inhibition is a two-step process featuring a rapid reversible inhibition step driven

by electrostatic interaction, followed by a slower irreversible denaturation process. In

addition, anionic functionalized NPs irreversibly inhibit the activity of ChT, resulting in

protein denaturation (Figure 5a).46 Cationic surfactants (S1, S2 and S3), however, allow the

release of ChT from anionic NPs (Figure 5b). For example surfactant 1 (S1) dissociated ChT

through the formation of bilayer structures, whereas cationic thiol-terminated surfactant (S2)

and alcohol-terminated surfactant (S3) were incorporated into the anionic monolayer of the

gold NP, without increase of the hydrodynamic radius of the gold NPs (Figure 5b).

Rotello et al. demonstrated that amino acid-functionalized gold NPs could be used to control

the stability of adsorbed ChT. Hydrophilic amino acids on the NP surfaces destabilized the

proteins due to competitive hydrogen bonding as well as disruption of salt bridges inside the

protein.47 Furthermore, short oligo(ethylene glycol) (mono, di, and tri(ethylene glycol))

tethers increase the rate of protein denaturation,48 while tetra(ethylene glycol) chains

improved the stability of ChT at the NP surface.49 In similar fashion, Hamad-Schifferli et al.

reported gold NPs with polyethylene(glycol) ligands were appended to a specific cysteine

(Cys102) of S. cerevisiae Cyt c resulting in denaturation of Cyt c.50 Denaturation of Cyt c

can lead to malfunction of electron transfer between Coenzyme Q-Cyt c reductase and Cyt c

oxidase, and reduction of detoxifying ROS.51,52 Likewise, when uptaken into cells, surface
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functionalized NPs are able to interfere with cell signaling molecules or proteins,53 either

through a chaperone-like-activity54 or by changing a molecular structure due to the

aggregation and fibrillation.55

Based on these findings, after systemic administration, surface functionalized NPs can

interact and denature proteins present in the serum as well as intracellular enzymes

following uptake, causing toxicity. Importantly, charged NPs can inhibit enzyme activity to

varying degrees and can lead to the denaturation of enzymes proteins. Practically, however,

it is difficult to predict a priori the effects of NPs on specific enzymes due to the complexity

and diversity of interactions available.

Immunological Impact of Surface Functionalized Nanoparticles

Surface functionalized NPs can cause immune responses56 and/or immunotoxicity through

several mechanisms.57 For example, Jang et al. reported cationic silica-titania NPs

functionalized with amine groups were immunotoxic to macrophage cells (J774A.1).58 Peer

et al. reported cationic lipid-based NPs induced T helper cell 1 (Th1) cytokines and activated

the Toll-like receptor-4 (TLR-4)59 at a rate of at least 10 times higher than neutral or anionic

NPs. In addition to surface charge, Rotello et al. have recently demonstrated that the surface

hydrophobicity of NPs dictates the immune response of splenocytes (Figure 6).60 NPs

(NP1-8) with different hydrophobicities (Figure 6a) showed a direct, quantitative correlation

between hydrophobicity and immune activation related to the gene expression of cytokines

(e.g. interferon (IFN)-α, tumor necrosis factor (TNF)-γ, interleukin (IL)-2, 6, and 10). In

particular, increasing the hydrophobicity of the NP surface elicited increased the expression

of TNF-α, a pro-inflammatory cytokine (Figure 6b), and the expression of IL-10, an anti-

inflammatory cytokine (Figure 6c). Likewise, Deng et al. have also reported anionic

polyacrylic NPs can induce pro-inflammation through the interaction between NPs and

fibrinogen, resulting in activation of the Mac-1 receptor of the monocytes.61

Our recent research demonstrates that NP surface properties including surface charge and

hydrophobicity dictate immune responses. In addition to the surface charge, the

hydrophobicity of surface ligands elicits different cytokine expressions and provides

different molecular and cellular changes in immune cells. Therefore, surface hydrophobicity

as well as charge must be taken into account when designing nanomaterials designed to

elicit or avoid immune responses. Finding the key surface elements responsible for of

generating immune responses would provide NPs with improved biocompatibility and

minimal immunotoxicity.

Biodistribution of Nanoparticles: Organ Toxicity

Beyond the cellular level, NPs accumulate in tissue and organs after topical or systemic

administration in vivo, with their biodistribution and pharmacokinetics strongly dependent

on NP surface properties,62 and the type and amount of absorbed macromolecules (e.g.

serum proteins).63

Recently, Rotello et al. reported the uptake, distribution, excretion, and toxicity of positively

charged ~2 nm core gold NPs with different surface functionality in Japanese medaka fish

(Oryzias latipes) (Figure 7).64 They showed that hydrophilic surface functionality on NPs

(Figure 7a) facilitates clearance, potentially minimizing environmental impact. Conversely,

hydrophobic NPs penetrated into the circulatory system of the fish, leading to a widespread

distribution of particles into the organs of the fish and ultimately leading to fish mortality in

less than 1 day. (Figure 7b).

In a murine model, Rotello and Mukherjee et al. systemically investigated how surface

charge of the gold NPs affects accumulation in organs (Figure 8).65 After intravenous (IV)
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(Figure 8a) or intraperitoneal (IP) administration (Figure 8b), neutral (TEGOH) and

zwitterionic (TZwit) NPs demonstrated reasonable (hours) circulation times, whereas

cationic (TTMA) and anionic (TCOOH) NPs possessed relatively short half-lives. Cationic

TTMA-NPs were cleared 4.3 times faster than anionic TCOOH-NPs after IV administration.

However, both TCOOH-NPs and TTMA-NPs were poorly retained in circulation after IP

administration. All four gold NPs accumulated in the liver and spleen mainly by resident

macrophage cells (e.g. Kupffer cell) after IV injection whereas they accumulated in the

pancreas after IP administration. Besides organs, NPs accumulated differently in solid

tumors in a murine model. TEGOH and TZwit NPs accumulated in tumors more than

cationic TTMA NPs after IV injection. Therefore, different patterns of NP accumulation can

be generated by their surface functionality, with concomitant organ-level effects.

Based on the in vivo data, surface functionalization of NPs should be considered when

designing NPs because the surface charge of NPs alters their pharmacokinetics, tumor

uptake and biodistribution. Our data showed that neutral and zwitterionic NPs demonstrated

a higher area under the curve (AUC), lower clearance and a longer circulation time than

charged NPs via IP and IV administration of NPs into mice. Thus, we expect that neutral

and zwitterionic ligands of NPs can reduce acute organ toxicity, resulting from low amount

of NP accumulation. Unlike the organ distribution, however, neutral/zwitterionic NPs are

accumulated in higher amount in tumor than charged NPs. Therefore, careful design of the

NP surface can improve pharmacokinetic profiles as well as increase tumor uptake.

Tailoring Nanoparticle Surface Functionality for Therapeutic Applications

Surface Functionality of Nanoparticles in Delivery Strategies—As described

above, surface properties dictate the cytotoxic responses caused by NPs. As such, surface

functionalization can help in the creation of NPs with improved therapeutic efficacy.

Moreover, the functional versatility of NP monolayers provides an excellent platform for

delivery vehicles. Rotello et al. have used a gold NP functionalized with photocleavable o-

nitrobenzyl ester moieties for photoregulated release of the anticancer drug 5-fluorouracil in

cancer cells.66 In this work, the zwitterionic ligand on the surface of the NP aided solubility

while limiting intracellular uptake.

Non-covalent conjugation of drugs onto the NP surface monolayer provides an alternative

approach to covalent conjugation, potentially overcoming prodrug related issues. Rotello

and coworkers demonstrated an efficient way to encapsulate anticancer drugs inside the

hydrophobic monolayer of gold NPs allowing subsequent release in cancer cells.67

Surface properties of NPs can control NP penetration in tissues as well as drug delivery/

release. Cationic NPs improved delivery of drug payload to the majority of cells in a tumor

model, whereas anionic NPs, perform better at delivering drugs deep into the tumor

model.68

Beyond Carriers: Nanoparticles as Therapeutics—NPs provide delivery vehicles

featuring high drug loading efficiency, low toxicity, improved pharmacokinetic profile, and

high cellular uptake.69,70 However, NPs can be engineered to be cytotoxic for use as

potential therapeutics in their own right.71 For example, Rotello et al. reported the use of

cationic gold NPs as therapeutic agents by controlling their cytotoxicity (Figure 9).72 The

cationic NPs functionalized with a terminal diaminohexane moiety strongly interact with

cell membranes and subcellular compartments, resulting in membrane disruption and

cytotoxicity. However, the complexation of NP-NH2 with cucurbit[7]uril (CB[7]) reduces

the ability of the particles to disrupt endosomal membranes, lowering toxicity. The host–

guest complex on the particles can be intracellularly disassembled by adding the orthogonal

guest molecule 1-adamantylamine (ADA) that has a very high affinity for CB[7].
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Intracellular displacement of CB[7] from the nanoparticle results in endosomal escape of the

gold NP-NH2, activating the cytotoxicity of gold NP-NH2 and inducing cell death. This

supramolecular approach provides a new strategy for triggering therapeutic systems.

SUMMARY AND FUTURE PERSPECTIVES

The appropriate engineering of surface functionality is crucial for controlling the subcellular

and cellular transport of NPs as well as their overall biodistribution and pharmacokinetics.

In this review, we summarized efforts to determine the effect of surface functionality on NP

cytotoxicity. The interaction of NPs with biosystems plays an important role in triggering

toxicity through a range of mechanisms, including membrane perturbation, oxidative stress

and DNA/macromolecular damage.

Understanding of nanomaterial toxicity is central to predicting the potential environmental

implications of nanomaterials. This knowledge will also play a central role in the

development of new nanotherapeutics. While there are many ways to approach this issue, it

is clear that nanotoxicology is a truly multiscale endeavor, integrating molecular, cellular,

and organismic insights. Coupling of these investigations with the tools provided through

organic, polymer, and materials synthesis will provide a fruitful field for both fundamental

and applied bionanotechnology.
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Figure 1.
Effect of functionalized NPs on the disruption of lipid bilayers. (a) Surface functionalized

MMPC1 and MMPC2 and (b) Comparison of cationic MMPC1 and anionic MMPC2 (220

nM) in disrupting vesicles with an overall negative charge (SOPC/SOPC, L-R-

stearoyloleoyl-phosphatidylcholine/L-R-stearoyl-oleoyl-phosphatidylserine). Reprinted with

permission from ref.30. Copyright 2004 American Chemical Society.
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Figure 2.
Effect of gold NPs with different surface charges on cellular membrane potential. (a)

Cationic, anionic, neutral, and zwitterionic NPs. (b) Membrane potential changes following

the exposure to NPs for ovarian cancer cells (CP70 and A2780), human bronchial epithelial

cells (BEC), and human airway smooth muscle cells (ASM) using cell permeable

fluorescent membrane potential indicator RH414 and real-time fluorescence microscopy. In

addition, the extent of membrane potential change was analyzed in a cationic NP

concentration dependent manner. (*p < 0.05) (c) Scheme of NP effects on cell and TEM of

cationic NP interactions with plasma membrane. Reprinted with permission from ref.34.

Copyright 2010 American Chemical Society.
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Figure 3.
Interaction between positively charged NPs and DNA. (a) Mixed monolayer protected gold

clusters (MMPCs) and double stranded DNA (37mer). (b) The amount of RNA detected

relative to levels produced in the absence of MMPCs. Reprinted with permission from ref.

36. Copyright 2001, American Chemical Society.
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Figure 4.
Cytotoxicity and genotoxicity of gold NPs with different hydrophobicities. (a) Gold NPs

(e.g. NP-TTMA, -ET, -BU and -HEX) (b) IC50 values of these NPs were determined by

alamarBlue® assay. (c) ROS was quantitatively determined by the oxidation of 2′,7′-
dichlorodihydrofluorescein diacetate dye. (d) Tail length and % Tail DNA were measured

by the Comet assay. Reprinted with permission from ref.41. Copyright 2010 Wiley-VCH

Verlag & Co. KGaA.
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Figure 5.
Reversible/irreversible interaction of ChT with surface functionality of gold NP. (a) Space-

filling model of ChT and structure of anionic MUA-gold NP (MUA-NP) (b) ChT released

from the surface of NP by the addition of different trimethylamine-functionalized surfactants

(S1, S2 and S3). Reprinted with permission from ref.46. Copyright 2003, American

Chemical Society.
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Figure 6.
Effect of NP surface hydrophobicity on gene expression related to immune response. (a)

Surface functionalized gold NPs controlling the surface hydrophobicity and cytokine gene

expression of (b) TNF- α in vitro and (c) IL-10 in vivo as function of NP headgroup LogP.

LogP represents the calculated hydrophobic values of the head group. Reprinted with

permission from ref.60. Copyright 2012, American Chemical Society.
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Figure 7.
Effect of NPs with different functionalities on total accumulation of gold in Japanese

medaka fish. (a) Gold NPs with different functionalities and (b) total amount of gold

detected in fish after exposure of 20 nM gold NP concentrations. The gold amounts are the

sum total of gold found in various organs (brain, heart, liver, gonads, gills, intestines and

dorsal fin) and on appendage. Reprinted with permission from ref.64. Copyrights 2010

Wiley-VCH Verlag & Co. KGaA.
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Figure 8.
Pharmacokinetic profiles (left panel) and biodistribution (right panel) of gold NPs in vivo.

Four kinds of NPs (TEGOH, TTMA, TCOOH and TZwit) were administered into mice via

(a) intravenous or (b) intraperitoneal route. Pharmacokinetic studies were performed for 1

day in normal male CD1 mice and organs were collected 1 day after administrations from

ovarian cancer cell (CP-70) transplanted HEJ/C3H mice. Adapted from ref.65.

Kim et al. Page 19

Acc Chem Res. Author manuscript; available in PMC 2014 March 19.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 9.
Schematic description of the use of intracellular host–guest complexation to trigger gold

nanoparticle cytotoxicity. Cytotoxicity of gold NP-NH2-CB[7] is activated by the

dethreading of CB[7] from the nanoparticle surface by ADA. Reprinted with permission

from ref.72. Copyright 2010 Nature Publishing Group.
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