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Summary

The surface properties of nanoparticles (NPs) dictate their interaction with the outside world. The
use of precisely designed molecular ligands to control NP surface properties provides an important
toolkit for modulating their interaction with biological systems, facilitating their use in
biomedicine. In this review we will discuss the application of the atom-by-atom control provided
by organic synthesis to the generation of engineered nanoparticles, with emphasis on how the
functionalization of NPs with these “small” organic molecules (Mw < 1,000) can be used to
engineer NPs for a wide range of applications.
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Introduction

Fabricating nanoparticles (NPs) with unique biological properties is a challenging but
rewarding task [1,2,3]. The combination of multiple NP features such as core size [4,5,6,7],
shape [8,9,10], and surface chemistry [11,12] allows the regulation of the biological
behavior. The NP surface is the interface with the outside world, and plays a prominent role
in the interaction with biomolecules. The relatively large surface area of NPs facilitate the
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attachment of a wide range of biomacromolecules such as peptides [13,14], proteins [15,16],
nucleic acids [17,18], and viruses [19] to dictate NP-protein or NP-cell interactions.
Likewise, polymers have been widely employed as NP coverages [20]. The structural
complexity and/or potential biodegradability of these macromolecular systems, however,
introduce complexity to the interactions between NPs and biomolecules.

The use of non-polymeric “small” organic molecules provides a robust and scalable
methodology to tailor the nano-bio interface. The wide variety of moieties available through
organic chemistry provides a rich toolkit to provide atom-by-atom control of the NP-
biomolecule interactions [21,22,23]. In this review we will present research focusing on
controlling the interactions of NPs with proteins and cells by using these “small” molecule
(Mw < 1,000) ligands.

Modulating the Interaction between NPs and biological systems

The interaction modes of NPs with proteins and cells can be modified by designing the
surface monolayer, concomitantly modulating biological functions.24 This fine-tuned control
provides a finely-honed tool for a wide array of biological interactions.

Modulating Enzyme-Nanoparticle Interactions

Engineered interactions between NPs and enzymes provide tools for both enhancing enzyme
stability and regulating activity. Decorating NPs with engineered ligands facilitates the
‘dialing in” of specific modes of interaction including electrostatic, hydrogen bonding, and
van der Waals forces [25]. This capability has been demonstrated using anionic gold
nanoparticles (AuNPs) and chymotrypsin (ChT), utilizing the positive “patch” around the
ChT active site [26,27]. The studies demonstrated that the anionic surface of NPs can
selectively recognize this cationic patch, thus inhibiting ChT activity [28,29,30]. Similarly, a
variety of amino acid-terminated ligands bearing tunable charge and hydrophobicity (Fig.
1(a)) provided detailed information about NP-ChT interfacial recognition. A thorough
examination of the binding constants revealed that AuNPs bearing hydrophobic groups bind
more strongly to ChT than AuNPs with hydrophilic groups, indicating the importance of
hydrophobic interactions at the interface (Fig. 1(b)) [31]. In addition to hydrophobicity, the
chirality of the amino acids is also an important factor for the affinity of NPs and proteins
[32]. These results demonstrate that very specific chemical features can be employed to
modulate protein recognition. Furthermore, these studies also evidenced that unlike small
molecule enzyme regulators, the binding affinity of NPs to enzymes is not the only factor
that modifies the catalytic activity. The work from Rotello et al. showed that the reduction of
enzymatic activity mediated by NPs was also observed when NPs were functionalized with
hydrophilic ligands because of the denaturation of ChT caused by these functional groups
(Fig. 1(c) and (d)). Likewise, Hamad-Schifferli et al. reported that irreversible denaturation
of Glucose Oxidase (GOx) caused by the interaction with NPs had a negative effect on its
enzymatic activity [33]. Recently, Das et al. reported that NPs can also improve enzymatic
activity [34]. Their investigation on the activity of mitochondrial membrane Cytochrome ¢
(Cyt ¢) bound with cationic NPs demonstrated the enhanced peroxidase activity by
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increasing hydrophobicity of NPs. Structural reorganization caused by hydrophobic NPs
exposed the heme group of the enzyme, facilitating substrate access to the catalytic site.

In stark contrast to their ability to denature protein, functionalized NPs have been used as
synthetic chaperones that assist in the refolding of denatured enzymatic proteins. For
instance, fully recovery of enzymatic activity of thermally denatured cationic proteins such
as ChT and papain has been observed using malonic acid-functionalized anionic AUNPs
followed by disruption of the protein-NP complex with aqueous sodium chloride [35].

Enzymatic activity can also be modified by using the NPs functionalized with specific small
molecule enzyme inhibitors or activators. Supuran and co-workers coated AuNPs with an
inhibitor of carbonic anhydrase (CA), and the NP displayed higher selectivity toward tumor
associated isoform 1X over the cytosolic isozymes I and 111X [36]. Likewise, CA showed
increased enzymatic activity when mixed with NPs bearing a CA activator [37]. These
studies show functionalization on NP surface can modulate the activity of small molecule
enzyme regulators, providing a new platform for the enzyme regulation.

Modulation of Protein-Protein Interactions

Protein-protein interactions (PPI) play a central role in numerous cellular processes
including apoptosis and angiogenesis, thus targeting the interface between proteins provides
a potential way for treating diseases [38,39]. However, due to the large contact area between
proteins in these complexes [40,41], effective inhibition of PPIs is quite challenging. Knapp
and Rotello reported that charged AuNPs can inhibit the recognition of Cyt ¢ with
cytochrome ¢ peroxidase (CPP) (Fig. 2) [42]. Since this PPI is defined by salt-bridges
between the cationic surface of Cyt ¢ and the anionic surface of CPP, they designed AuNPs
with cationic, neutral, or anionic AuNPs, and examined charge dependent inhibition of PPI.
As a result, effective disruption of the Cyt c-CPP complex was observed only when charged
NPs were used, while neutral NPs had no effect. Notably, because of the multivalency of
NPs, a single NP could interact with more than one protein, implying that NPs could be
effective modulators that can disrupt multiple PPIs.

Minimizing Nonspecific NP-Protein Interactions

Minimizing interactions between nanoparticles and proteins is also an important challenge
for a diversity of biological applications. For example, when NPs are intended for
biomedical imaging or as therapeutic agents, the adsorption and denaturation of proteins
over the NP surface induces a rapid elimination of the from the body [43]. This phenomenon
critically reduces the efficacy of the engineered delivery vehicles and targeted NPs [44]. The
classical approach to provide “noninteracting” capabilities to the NPs is the use of
oligo(ethylene glycol) (OEG) functionalities, which reduces protein denaturation over the
NP surface [45]. This is translated into longer blood circulation times comparative to other
systems, achieving higher tumor accumulation rates [46]. However, OEG functionalized NPs
undergo a process known as accelerated blood clearance (ABC), a phenomenon that
increases the elimination of the NPs after the second dose due to the formation of antibodies
against the probe [47].
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An alternative to OEG functionalization is the use of zwitterionic molecules based
principally on two chemical structures, namely betaines and amino acids [48]. The
zwitterionic nature of those structures confers strong non-fouling properties to NPs. As an
example, it has been reported that small AuNPs (~5 nm, high area/volume ratio) coated with
a mixture of citrate and cysteine do not absorb proteins even at physiological serum
concentrations (Fig. 3) [49]. In addition, functionalized quantum dots (3.4 nm) with cysteine
and tumor targeting groups have exhibited significantly lower renal clearance rates as well as
the high tumor targeting efficiency (Fig. 4) [50]. The derivatization of ligands using amino
acids, however, is limited by the fact that neutral charge is desirable for the stealth
capabilities, and the addition of more amino acids may modify this property. Betaines, on
the other hand, come in a myriad of structures (carboxybetaines, phosphobetaines,
sulfobetaines) and they have been shown to enhance the stealth properties of NPs such as
reduced protein adsorption, longer blood circulation time and low clearance [51,52]. In
addition, betaines are easily modified by changing the substituents over the ammonium
group without affecting the overall neutral charge [53]. A final method to obtain zwitterionic
properties at the NP surface is the use of a mixed monolayer NPs containing both cationic
and anionic ligands. By adjusting the ratio of those ligands during the place exchange
reaction, the zero net charge can be achieved. Although this technique has also rendered NPs
with strong non-fouling properties [54], reproducibility is still a challenge.

Effect of the Properties of NPs on their Interaction with Cells

The cellular adsorption and internalization of NPs are predominantly determined by their
surface charge [55]. Multiple reports demonstrate a significant difference on the cellular
uptake rate between positively charged NPs and other charged NPs (negative, neutral, and
zwitterionic) (Fig. 5) [56,57,58,59]. The strong electrostatic interaction between the
negatively charged cell membranes and cationic NPs is the underlying factor that increases
the amount of NPs adsorbed onto the cell surface, thus enhancing cellular uptake [60].
However, in some case, the strong cellular uptake was observed with negatively charged
nanoparticles. The studies demonstrated that iron oxide (Fe,O3) nanoparticles functionalized
with carboxylate group can be efficiently taken up by cancer cell lines [61] presumably
because of the direct diffusion through membrane or the pinocytosis of anionic
nanoparticles.

In addition to the surface charge, the hydrophobicity of NPs can also be employed to modify
the cellular uptake of these materials. A study using cationic NPs demonstrated that an
increase of the AuNP surface hydrophobicity enhances cellular uptake in the absence of
serum, while it decreases uptake in the presence of serum [62]. The binding of serum
proteins to AuNPs is influenced by the surface charge and hydrophobicity, compromising
the NP uptake. There are some efforts to enhance the cellular uptake of zwitterionic AuNPs
by using hydrophobicity, demonstrating slightly higher cellular uptake of hydrophobic
AuNPs compared with hydrophilic counterparts, either in the presence or absence of serum
proteins [43].

The binding mode between ligand and nanoparticle surface can affect the cellular
interaction. Cell experiments using cationic quantum dots bearing monothiol or dithiol
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coordination groups revealed a significant difference on the cellular uptake of nanoparticles
(Fig. 6) [63]. These results indicate the importance of molecular design that considers not
only effects from the headgroups but also effects from the overall ligand design.

Engineering Responsive Biological Interactions

In addition to “permanent” physicochemical properties, a chemical designing approach can
also construct “responsive” surfaces that can alter the physicochemical features of the NPs
by endogenous stimuli. Such chemical surfaces generate unique interaction modes with
biological systems.

pH-responsive Aggregate Formation

Enhancing cellular uptake with stimuli responsive NP surfaces was initially reported by the
Kim group. Negatively charged citraconic amide functionalized “smart” AuNPs form
aggregates upon exposure to weakly acidic environments (pH = 5.5) (Fig. 7(a) and (b)) [64].
Acid induced partial cleavages of citraconic amide group and subsequent exposure of
cationic primary amine [65, 66, 67] neutralize the surface charge of NPs, inducing
aggregation. AuUNPs are exposed to acidic endosomal environments [68] during cell-
internalization process. When an aggregate is formed inside an endosome, the exocytosis of
AUNPs is blocked [69], resulting in a larger amount of AuNPs accumulated in B16F10 cells
compared to negatively charged AuNPs used as controls (Fig. 7(c)).

AUNPs bearing a mixed monolayer of quaternary ammonium and carboxylic acid ligands
can provide high tunable pH-induced aggregation systems [70]. Partial protonation of
carboxylate functionality at acidic pH can induce the aggregate formation by the
neutralization of surface charge. The pH value at which NPs form aggregates can be tuned
by changing the surface ligand coverage ratio and core size. Ji et al. applied this system for
tumor targeting [54], utilizing the pH difference between tumor tissue (pH 6.0-6.6) and
normal tissue (pH 7.4) as a tumor environment signal [71,72]. Mixing the same mole ratio of
cationic and anionic ligands with 16 nm AuNPs, they constructed AuNPs that form
aggregates at pH 6.5 (Fig. 8(a) and (b)). /n vitro cellular uptake studies demonstrated that a
pH decrease enhanced NP internalization (Fig. 8(c)) due to the accelerated sedimentation of
AUNPs [73,74]. Subsequent /n vivo studies indicated the enhancement of tumor
accumulation and retentions of these AuNPs (Fig. 8(d) and (e)).

pH-responsive Charge Conversion

Rotello and coworkers recently developed a new pH responsive surface which can reversibly
switch from zwitterionic into cationic. The chemical moiety at the surface features
alkoxyphenyl acylsulfonamide groups that is protonated under weakly acidic conditions
(Fig. 9(a)) [75]. AuNPs functionalized with this pH-responsive zwitterionic group exhibited
neutral zeta-potential at pH 7.4 and showed a sharp response to pH decrease, switching into
cationic at pH 6.6 and 6.0 without forming aggregates (Fig. 9(b)). As discussed previously,
AUNPs with cationic ligands are prone to be adsorbed by the negatively charged cell
membranes, resulting in higher cellular uptake than that of zwitterionic AuNPs. Cell studies
indicated that the pH-responsive zwitterionic surface does induce an enhancement in cellular
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uptake of AuNPs by cancerous cells at tumor pH (6.6—6.0), achieving a four-fold increase at
pH 6.0 compared to the cellular uptake at pH 7.4. On the other hand, a non-responsive alkyl
analogue did not show differences over the pH range studied (Fig. 9(c)). This result indicates
that subtle structural differences of zwitterionic moieties could generate a targeting function
for selective accumulation of AUNPs in tumor tissues.

Esterase-induced Cellular Uptake of Amphiphilic AuNP

pH is not the only stimulus to enhance the interaction between NPs and cells. Niikura and
coworkers demonstrated that an esterase-catalyzed hydrolysis of ester moieties can be used
as to enhance the cellular uptake of amphiphilic AUNPs [76]. 10 nm AuNPs were
functionalized with ester or ether-headed amphiphilic PEG ligands which enable NPs to
dissolve both of polar and nonpolar solvents through systematic conformational changes
(Fig. 10(a) and (b)) [77]. Investigation of the cellular internalization of those AuNPs
revealed that AUNPs with ester functionalities were taken up by cells in a greater extent than
the corresponding ether-AuNPs (Fig. 10(c)). The authors assumed that even though both
ester and ether-headed AuNPs have a high affinity to hydrophobic cell membranes, the
exposure of alkyl moieties during the interaction with cells generated an esterase-mediated
hydrolysis that enabled longer retention of AuNPs at the cell membrane, accelerating
endocytosis (Fig. 10(d)).

Conclusions and prospective

As shown above, surface chemistry defines the interactions of NPs with biological systems.
Building the surface with proper chemical structures has the potential to overcome many
challenges currently present in nanomedicine. The examples highlighted in this review
clearly show the power of chemical approaches for tailoring the physicochemical properties
of NPs, providing fruitful biological features.

Organic chemistry can be utilized as a “palette” containing an unlimited range of functional
groups for the modulation of the NP functions. Desired features and functions can be
constructed along with the synthesis of functional groups, providing an opportunity of the
atom by atom level regulation. This approach results in the information of structure-function
relationships, providing a deeper understanding of the molecular recognition between NPs
and biological systems as well as bringing along clues on how to control desired effects at
specific places. Such methods will help to maximize the potential of nanomaterials for the
creation of novel therapeutics, diagnostics and imaging agents.
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Highlights

Surface properties are a key determinant of the biological properties of
nanomaterials

Organic synthesis provides atom-by-atom control over nanomaterial surfaces

The control of nanoparticle surfaces is an important tool for the creation of
diagnostics and therapeutics
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Figure 1.

(a) Structures of amino acid functionalized AuNPs. (b) Correlation between Gibbs free
energy changes and hydrophobicity index of amino acid side chains. (c) Normalized activity
of ChT (3.2 uM) with nanoparticles (0.8 pM) bearing various amino acid side chains. (d)
Correlation between the denaturation rate constants (k) of ChT and the hydrophobicity index
of amino acid side chains in nanoparticles. Reprinted with permission from [31].
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Figure 2.
Schematic illustration of the interaction between Cyt ¢, CCP, and AuNPs with different

surface charge. Reprinted with permission from [42].
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(a) Chemical structure of citrate and lysine coated AuNP. (b) Chemical structure of citrate
and cysteine coated AuNP. (c) DLS distributions of citrate and lysine coated AuNP
(coverage; lysine/citrate = 1.4) in water (green curve) and FBS (red curve), and citrate AUNP
in FBS (black curve). (d) DLS distributions of citrate and cysteine coated AuNP (cysteine/
citrate = 1.6) in water (green curve) and FBS (red curve). Reprinted with permission from

[49].
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(b) Human prostate cancer
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Figure 4.
(a) Chemical structure of zwitterionic quantum dots bearing targeting groups. (b)

Fluorescent images of prostate-specific membrane antigen (PSMA)-positive LNCaP and
PSMA-negative prostate cancer cells after incubation with functionalized zwitterionic
guantum dots. Reprinted with permission from [50].
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Schematic illustration of the interaction between cell membrane and AuNPs with different

surface charge.
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Figure 6.
(a) Chemical structure of mono- and dithiol capped CdSe/ZnS quantum dots. (b) Uptake of

guantum dots after the incubation with HeLa cells. Reprinted with permission from [63].
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(@) Chemical structure of the AuUNPs capable of aggregating in acidic pH. (b) TEM images
of AuNPs in pH 5.5 acetate buffer with different incubation times of (i) 0, (ii) 10, (iii) 30,

(iv) 60, (v) 90 min. (c) Dark field microscope images of B16 F10 cells incubated with
“smart” AuNPs (first column), citrate AuNPs (second column), and MUA (11-

mercaptoundecanoic acid)-capped AuNPs (last column). Reprinted with permission from

[64]. Figure 3a is based on information obtained in the literature.
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Figure 8.
(a) Chemical structure of mixed monolayer AuNPs capable of aggregating in acidic

conditions. (b) TEM images of AuNPs at pH 7.4 and 6.5 [scale bar 50 nm (upper image), 20
nm (lower image)]. (c) Effect of pH on the cellular uptake of AuNPs by HepG2 cells. (d)
Comparison of tumor accumulation in KB tumor in BALB/c nude mice between pH-
responsive AUNP and PEG-functionalized AuNP. (e) Comparison of tumor tissue retention
pattern between pH-responsive AuUNP and PEG-functionalized AuNP. Reprinted with
permission from [54]. Figure 3a is based on information obtained in the literature.
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Figure 9.

(a) Chemical structures of the acylsulfonamide-functionalized pH-responsive and non-
responsive zwitterionic AuNPs, and the mechanism of acidic pH enhanced cellular uptake.
(b) pH dependence of zeta-potential of acylsulfonamide functionalized AuNP (c) Effects of
pH difference on cellular uptake of AUNPs. Reprinted with permission from [75].
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Figure 10.
(a) Conformational change of the amphiphilic PEG ligands on AuNPs in polar and nonpolar

solvents. (b) Chemical structures of the ester and ether-headed amphiphilic PEG ligands. (c)
Difference of the number of AuNPs taken up by HeLa cells (1.0 x 10°). (d) Esterase-induced
cell internalization of AuNPs. Reprinted with permission from [76,77]. Figure 10d is based
on information obtained in the report.
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