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Nanoparticles or drug carriers which can selectively bind to cells expressing receptors
above a certain threshold surface density are very promising for targeting cells overex-
pressing specific receptors under pathological conditions. Simulations and theoretical
studies have suggested that such selectivity can be enhanced by functionalizing nano-
particles with a bimodal polymer monolayer (BM) containing shorter ligated chains and
longer inert protective chains. However, a systematic study of the effect of these param-
eters under tightly controlled conditions is still missing. Here, we develop well-defined
and highly specific platforms mimicking particle—cell interface using surface chemistry
to provide a experimental proof of such selectivity. Using surface plasmon resonance
and atomic force microscopy, we report the selective adsorption of BM-functionalized
nanoparticles, and especially, a significant enhanced selective behavior by using a BM
with longer protective chains. Furthermore, a model is also developed to describe the
repulsive contribution of the protective brush to nanoparticle adsorption. This model
is combined with super-selectivity theory to support experimental findings and shows
that the observed selectivity is due to the steric energy barrier which requires a high
number of ligand—receptor bonds to allow nanoparticle adsorption. Finally, the results
show how the relative length and molar ratio of two chains can be tuned to target a
threshold surface density of receptors and thus lay the foundation for the rational design
of BM-functionalized nanoparticles for selective targeting.
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Engineering of drug delivery vehicles that selectively target affected cells while ignoring
healthy ones has been a primary goal and remains a challenging task in nanomedicine (1).
Multivalent nanoparticles, nanoparticles being surface-functionalized with several identical
ligands attached to flexible and inert linkers (called ligated chains), are engineered to target
cell surfaces overexpressing a specific receptor (2). The multivalent interactions between
such functionalized nanoparticles and cell surfaces expressing a specific type of receptor
are mediated by the simultaneous binding of several ligands (of the same type) to several
receptors (of the same type) (3). Such multivalent interactions play a critical role in
numerous biological processes (3, 4) and in the fate of nanomedicines in biological media
(2, 5) thanks to their super-selectivity (3, 6). Super-selectivity is defined as the supralinear
growth in nanoparticle adsorption as a function of receptor surface density (7). Such
dependence to receptor surface density is indeed highly beneficial to selective targeting of
cell surfaces expressing receptors above a given threshold surface density. The theoretical
rationale for the super-selectivity of multivalent nanoparticles is that the number of pos-
sible ligand—receptor binding arrangements increases in a highly nonlinear manner with
the receptor surface density due to combinatorial entropy (7, 8). Interestingly, a previously
reported statistical mechanical description of this phenomenon shows that the super-se-
lectivity is enhanced when the ligand—receptor affinity decreases (7, 9-11). The results
have been validated by experimental data (11-15), Monte Carlos simulations (9, 16, 17),
and other theoretical studies (8, 10, 13, 16, 18-20), which fostered multivalent nanopar-
ticles for the development of targeted drug delivery (2, 21).

Recent theoretical works have demonstrated that the super-selectivity can be enhanced
by coating multivalent nanoparticles with a bimodal polymer monolayer (BM) with shorter
ligated chains and longer protective chains. In this scenario, a repulsive potential of a steric
nature (between the protective chains and the receptors) must be overcome to allow the
adsorption of the nanoparticles on the receptor surface. This repulsion can be used to
reduce the apparent ligand/receptor affinity and achieve an affinity conducive to super-se-
lectivity (9, 15, 22). However, experimental evidence on the binding selectivity of BM is
somehow limited.

In this work, a combination of experiments and analytical modeling are used to assess
the efficiency of bimodal brush-functionalized gold nanoparticles (GNPs) in improving
the adsorption selectivity (Fig. 14). To this end, well-defined experimental systems
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Fig. 1. (A) Schematic illustration of the main hypothesis of this work.
Protective PEG chains offer steric repulsion (¢**) to modulate the ligand-
receptor binding. Proper tuning of this repulsion enables the selective
adsorption of nanoparticles to surface density of receptors. To model
multivalent nanoparticle-cell surface interaction, we designed (B) bimodal
brush-functionalized gold nanoparticles (GNPs) through thiolated-gold
covalent bond and (C) receptor surfaces via peptide coupling.

biomimicking multivalent nanoparticle-cell surface adsorption are
developed based on ligand-receptor interactions (Fig. 1 Band C).
The extracellular domain of the mouse transferrin receptor (TR,
monomer, M, = 78.3 KDa) is used as receptor since TR is exten-
sively studied for cancer targeting due to its overexpression on
several cancer cells and its ability to trigger internalization of nan-
oparticles (23). The aptamer DW4 serves as a ligand to bind TfR,
with moderate affinity (K; = 190 nM) and specificity in TfR rec-
ognition (24). To quantify the GNPs adsorption on TfR surfaces,
surface plasmon resonance technique (SPR) and atomic force
microscopy (AFM) imaging were used. Furthermore, a analytical
model describing GNPs adsorption from a solution to recep-
tor-functionalized surfaces is built by adapting a previously
reported model (15). Finally, the effect of the repulsive potential
provided by the protective chains on the selectivity toward the
receptor surface density is elucidated.

Results and Discussion

To model nanoparticle surfaces, spherical gold nanoparticles
(GNPs) were surface-functionalized with a bimodal brush of pro-
tective polyethylene glycol (PEG) and ligand-bearing (ligated)
PEG. The GNDPs were selected because of the relative ease of sur-
face functionalization (25) as well as their relevance to simulations
using hard spheres (9). Citrate-capped gold nanoparticles (bare
GNPs) were synthesized and characterized by TEM. The GNPs
exhibited a spherical shape (circularity 0.9 + 0.02) of 14.7 + 0.8
nm diameter with a narrow size distribution (87 Appendix, Fig. S1
A and B). GNDPs were then surface-functionalized with two
end-functionalized polymers (SH-PEG and SH-PEG-DW4)
through thiolated-gold bond (Au-S). The protective PEG is chosen
to provide shielding properties and the PEG-DW4 to target the
T1R (24). Since Au-S bond can undergo oxidation when exposed
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to light, air, or at elevated temperature (26), the stability of grafted
PEG,x on GNP was investigated in typical storage conditions.
67% of PEG, chains dissociated from GNPs surface after 20 d
when stored at 4 °C in dark air atmosphere, while the number of
PEG, chains was maintained for at least 20 d when stored at 4 °C
in dark and under argon (87 Appendix, Table S1). Therefore, the
functionalized GNPs were systematically stored in the latter
conditions.

The extent of surface functionalization of the GNPs was indi-
rectly assessed by measuring the particle size variation upon pol-
ymer grafting and through absorbance in UV-Vis. The size of all
polymer-functionalized GNPDPs is significantly larger than that of
the bare GNPs (87 Appendix, Fig. S1Cand Table 1). Importantly,
the polydispersity index (PDI) remained low (PDI < 0.25) in all
samples, suggesting a relatively homogeneous functionalization.
In addition, the polymer-coated GNPs induced a red shift (-4 to
7 nm) in the plasmon adsorption band due to the change in the
dielectric constant at the nanoparticle surface (S/ Appendix, Fig.
S1D and Table 1).

As expressed in set of Eq. (SI Appendix, Eqs. $9-817)

(81 Appendix, section S1), the magnitude of the steric repulsion
(BF,,) is related to four main parameters of GNPs: the numbers
of protective PEG and ligated PEG chains grafted on GNPs sur-
face, Nppg and Nppe pws respectively; the numbers of ethylene
glycol units in protective PEG and ligated PEG chains, 7 and
MpG.pwi4> respectively. In the present study, the magnitude of BF,
was tuned by three parameters Ny, 7ppg,> and 7pgi_pwy keeping
Npppws constant. PEG of different M, (2 and 5 KDa) and
PEG-DW4 of different M, (1 and 3 KDa) were used to modulate
7ppG and 7ppc.pws- 10 keep Nppg pwy constant while modulating
Ny the GNPs were functionalized with a fixed PEG-DW4-to-
GNPs feeding ratio (Pppe_pwacnes) of 58 chains/particle and an
increasing PEG-to-GNDPs feeding ratio (Pppccnp,) from 58 to
232 chains/particle. The total of @ppg pwaanrs and Ppecyanps 1S
much lower than that required for fully covering the surface
[experimentally determined at ~2,500 chains/particle for GNDPs
diameter of 15 nm (27)]. Using such feeding ratio has shown to
provide a good control of surface composition of the two chains
(28). As shown in Table 1, GNPs were successfully functionalized
with PEG and PEG-DW4 of various M, and the parameter Npg
was finely controlled by adjusting @ pp/anp, during functionali-
zation. Increasing ®p; onps led to an increase in Ny, In addition,
Nppe.pws Was nearly constant (-40 PEG-DW4 chains per parti-
cle). In summary, a library of polymer-functionalized GNPs with
comparable physical characteristics (core size, PDI, £gpg, hydro-
dynamic diameter, NVppg pws) Was prepared, exhibiting different
values of Ny, 7ppc> ppc.pws> and fF,(Table 1).
To mimic cell membranes expressing various receptor surface den-
sities, a set of self-assembled polymer monolayers (SAMs) func-
tionalized with various amounts of transferrin receptors (TfR)
were prepared. SAMs of SH-PEG,-COOH were formed on flat
gold surfaces through S-Au bonds providing an available func-
tional group (-COOH) for immobilizing TR via peptide coupling
(with the primary amine of lysine residues). The surface density
of receptors (I'gz) was tuned by the reaction time (between 1 and
60 min) and monitored in real time using SPR. Using this
approach, [y varies from 0.86 to 7.97 X 10° molecules/pm?,
depending on the coupling reaction time (Fig. 24 and ST Appendix,
Table S2). The corresponding average number of receptors residing
within the interacting area and available for the ligand binding is
approximately between 0.2 and 3 (87 Appendix, Eq. $22).

To assess the binding interaction between DW4-free in solution
and the surface-immobilized TR, the dissociation constants

(K b‘l”é ) of TfR60 surface with either DW4 or with PEG;,-DW4
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Table 1.

Characterization of GNPs functionalized with PEG/PEG-DW4 monolayers

_Functional- Dpec/anps NPEG-DWAT NPEGT BF, rep DLS

ized GNPs PEG Mw (chains/ (chains/ (chains/ (per-recep- Apr

abbreviation* (g/mol) particle) particle) particle) tor quantity) D, (nm) PDI UV-Vis (nm)

Bare GNPs - - - 21+2  0.11+0.03 518.0

GNPs-5K PEG: 5000 - - - 45+2  0.12+0.02 523.0

GNPs-3KDW4  PEG-DW4: - - 43+1  0.13+0.02 522.4

3000

GNPs-2K, - PEG: 2000 58 37+4 4112 0 38+1  0.15+0.02 523.5
3KDW4 PEG-DW4:

GNPs-2K,- 3000 116 38+ 1 95+ 12 40£1  0.14£0.03 524.0
3KDW4

GNPs-2K,- 232 36+3 1532 39+3  0.13+0.02 524.0
3KDWA4

GNPs-5K, - PEG: 5000 58 39+4 36+2  0.052+0.005 48+1 0.18+0.03 523.5
3KDW4 PEG-DW4:

GNPs-5K,- 3000 116 36+3 69+1  0.167+0.003 521  0.11+0.02 524.5
3KDW4

GNPs-5K,- 232 40+3 149+8  0.608+0.05 482  0.12+0.02 525.0
3KDWA4

GNPs-2K, - PEG: 2000 58 4042 41+5  0.065+0.015 31+1 0.11+0.02 522.0
1KDW4 PEG-DW4:

GNPs-2K,- 1000 116 43+6 87+2  0279+0.017 301  0.09+0.02 523.0
1KDW4

GNPs-2K,- 232 40+4 165+3  0916+0.035 32+1 0.14+0.03 522.0
1KDW4

GNPs-5K, - PEG: 5000 58 38+2 44+1 075940025 46+3 0.17+0.03 523.5
1KDW4 PEG-DW4:

GNPs-5K,- 1000 116 411 80+8 2125+0.350 43+2 0.23+0.02 523.5
1KDW4

GNPs-5K,- 232 40+3 137+7 517940451 48+2 0.23+0.04 524.0
1KDW4

Hydrodynamic diameter (Dh), polydispersity index (PDI), plasmon adsorption band (:SPR). The error (+) is the standard deviation from three independent experiments.
e.g., GNPs-2K;-3KDW4 indicates GNP functionalized with PEG,, and PEG;-DW4, with @pecnps = 58 and @pe.pwaenes = 58

NPEG owa and Npgg are calculated from NMR, Fluorimetry and UV-vis results (S/ Appendix, sections S.3.2, S.3.6, and Fig. S2).

BF, rep (PEF-receptor quantity) is calculated using set of equations (S/ Appendix, Egs. $9-517) with N, = 1 (S/ Appendix, section S1).

were determined in aqueous solutions (PBS pH 7.4 buffer con-
taining MgCl, 1 mm, PBS-M) using SPR. Both DW4 and
PEG;-DW4 exhibited similar K values (106 + 8 and 102 £ 5
nM, respectively, Fig. 2B) suggesting that tethering DW4 on a
PEG chain does not affect the DW4/T1R interaction. These values
are also consistent with the K; reported in the literature for the
same DW4/TfR couple in solution (190 nm) (24), confirming
that immobilizing TfR on a substrate does not significantly impact
the TfR/ligand binding. It is worth mentioning that when DW4
is tethered via a PEG chain, its interaction with T1R is expected
to be reversible due to the configuration entropy (SI Appendix,
section S.3.10). The theoretical dissociation constant when DW4

is grafted on GNPs surface #7 is 7.4 x 10" 5!, corresponding
to a bond lifetime of 14 ps g[ Appendix, section S.3.10). This
lifetime is much shorter than the experimental timescale (15 min).
Therefore, we infer that bonds can re-arrange and are in equilib-
rium under our experimental conditions, in which super-selectiv-
ity has been shown to be possible.

To assess the specificity of DW4-bearing GNPs toward TfR
surfaces, a series of controls was conducted using SPR to monitor
the GNPs adsorption. Binding tests of GNPs/surfaces of different
configurations in absence of TIR/DW4 couple (negative control)
were compared with similar tests in the presence of TIR/DW4
couple (positive control) (Fig. 2C). As expected, a noticeable
adsorption (ALpr of 4.2 nm) was observed only when

PNAS 2023 Vol.120 No.3 e2208377120

TfR-functionalized surfaces (TfR60) were exposed to DW4-
bearing GNPs. Importantly, no adsorption (no A&gpp) was detected
when PEG-functionalized surfaces were exposed to DW4-free or
DW4-bearing GNDPs, neither when TfR-functionalized surfaces
were exposed to DW4-free GNPs, confirming the absence of GNPs
adsorption in the absence of the TIR/DW4 couple. These obser-
vations demonstrate that the adsorption of DW4-bearing GNPs
on the TfR-functionalized surfaces is driven solely by the specific
TfR/DW4 interactions. Similar experiments performed using
AFM imaging to detect the adsorbed GNPs support this conclusion
(81 Appendix, Fig. S5).

To quantify the selectivity of nanoparticles toward the receptor
surface density, the selectivity parameter a introduced by
Martinez—Veracoechea and Frenkel (7) was used:

o= M 1]
d 1[1 TTfR

The parameter « refers to the relative change in the number of
adsorbed nanoparticles [['yp, number of particles per um* (NP/
um®)] in response to the vananon in the number of receptors on
a cell Ty, molecule/um®). A system is considered as highly selec-
tive or super-selective when o > 1 (7). When the parameter o

https://doi.org/10.1073/pnas.2208377120 3 of 7
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Fig.2. Characterization of transferrin receptor (TfR)-functionalized surfaces. (A) Receptor surface density () at different coupling reaction times. The receptor
density (') was then calculated from Aspg Shift (A&spg) USing the Jung et al.’s equation (29) (S/ Appendix, section S.3.7). The dash black line is a guide for the eyes,
the SPR raw data are presentin S/ Appendix, Table S2. (B) Determination of the dissociation equilibrium constant (K,) between TfR and DW4 aptamer ligand using
SPR-binding analysis. 4&sp shifts (nm) at equilibrium are plotted versus DW4 (i) or DW4-PEG3K (-@) concentration. Fitting curves (blue and black dashed lines)
and K values were obtained from fitting the experimental data to binding saturation (one site-specific binding) model using Graphpad prism software. Error
bars represent the standard deviation of the means of SPR measurements of three sensing areas on three independent samples. SPR sensorgrams of TfR60
surface exposed to increasing concentrations of DW4 or DW4-PEG3K are reported in S/ Appendix, Fig. S4. (C) SPR sensorgrams of PEG-functionalized surfaces
exposed to GNPs-2K-3KDW4 (red), to GNPs-5K-3KDW4 (blue) (i); TfR60 surfaces exposed to GNPs-2K (green), to GNPs-5K (violet) (ii); and TfR60 surfaces exposed

to GNPs-2K-3KDW4 (black) (iii).

reaches at maximum value (x,,), the corresponding receptor
surface density is defined as the onset density (I',...). It is worth
mentioning that around T, ., a slight variation in I leads to
a supralinear change in 'y, (15). The adsorption of GNPs in
response to the variation in 'y was investigated using SPR for
two formulations: GNPs-5K,-3KDW4 and GNPs-2K,-3KDW4
as representative for bimodal monolayers with unfunctional PEG
that are longer and shorter, respectively, than the ligated PEG.
The GNPs adsorption (I'yp) and the corresponding selectivity (o)
as a function of Iy are illustrated in Fig. 3 and S7 Appendix,
Fig. S6, respectively. I'yp of both GNPs formulations is responsive
to I'pgg and two regimes can be identified. At I'iy < T, o the Iy
is negligible and does not vary with I'. However, it increases
greater than linearly (supralinearly) above I' .. This observed
behavior demonstrates that both bimodal systems exhibit a certain
degree of super-selectivity, thanks to the multivalency effect (7, 8).
The GNPs-5K,-3KDW4 exhibits a lower adsorption but a higher
selectivity (higher ', and o) compared to GNPs-2K,-
3KDW4. The only variable between these two GNPs formulations
is the M, (length) of protective PEG (5 kDa versus 2 kDa). Hence,
the enhanced selectivity is likely due to the presence of longer
protective PEG, in a good agreement with Monte Carlo simula-
tion (9, 22) and recent theoretical prediction (15). The “near-pla-
teau” region observed for both systems is likely due to the fact that
at some point, a maximum number of adsrobed particles is reached
because of excluded volume effects. From Fig. 3, we also notice
that the adsorption curve for GNPs-5K-3KDW4 saturates at a
lower level than that for GNPs-2K,-3KDW4. Firstly, the excluded
volume of PEG brush on GNPs-5K,-3KDW4 is expected to be
larger than that on GNPs-2K4-3KDW4 because of the larger shell
of protective PEG chains (PEGsy versus PEG;y) (30), leading to
a lower maximum number of particles adsorbed. Secondly, con-
sidering the adsorption of multivalent nanoparticles covered with
a protective polymer brush (as our GNPs), there is always a max-
imum (sometimes mistaken for a plateau) that can be reached;
afterward, the adsorption is expected to decrease with increasing
receptor surface densities due to the steric repulsion. When the
protective polymer is longer (in our case, PEGy versus PEGjy),
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the repulsion is stronger, and subsequently, the maximum adsorp-
tion is observed at a lower level and arises at lower surface density
of receptor (19). The SPR sensorgrams of GNPs adsorption are
shown in S7 Appendix, Fig. S7. Adsorbed GNPs do not desorb
after rinsing with buffer. The observed phenomenon is likely due
to the multivalent nature of GNPs adsorption. For multivalent
nanoparticles to be unbound, all interacting ligands must be
unbound at the same time and must also remain so for a timescale
larger than the time it takes to diffuse away from the receptor
surface. The interacting ligands are all those residing within the
interacting area and being available for receptor binding, which

7 ms?nufm//
2501 A PFep=0
g Omax = 2.0, Tonget = 2.1
<~ 2004
S
S 150-
[—% 100
' ity
504 2 < P i@ X
PFrep = 0.6
------ Cl“ma'X =43, 1Honset =3.6

0 2 4 6 8

Irir (x10% molecules/um?)

Fig.3. GNPs adsorption Iy, measured by SPR (see S/ Appendix, section S.3.8
for details on 'y, determination from SPR results and see S/ Appendix, Fig. S7
for SPR sensorgrams), as a function of 'y for GNPs-2K,-3KDW4 (M) and GNPs-
5K4-3KDW4 (@), error bars represent the standard deviation of the means of
SPR measurements of three sensing areas on three independent samples.
The empirical fitting curves for GNPs-2K4-3KDW4 (— — -) and for GNPs-
5K4-3KDW4 (= — =) are sigmoidal curves obtained by using Graphpad prism
(R? are 0.99 and 0.95, respectively). The fitted theoretical curves for GNPs-
2K,;-3KDW4 () and GNPs-5K4-3KDW4 () are generated by the theory,
as described in S/ Appendix, section S1, the value of the two fitting constants
are C = 5/2 and BAG,,¢ = 13.5. The selectivity parameters o,,,, and [, are
determined from the plot of « versus I (S/ Appendix, Fig. S6).
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is approximatively 13 and 18 for GNPs-2K,-3KDW4 and GNPs—
5K,-3KDW4, respectively (SI Appendix, Eq. $20). ¢ = L* / D
(Strokes—Einstein law), where L being the binding distance
(ST Appendix, Eqs. 818 and $19), D is the diffusion coefficient of
GNPs. The calculated 7 is 0.06 and 0.01 ps for GNDPs-2K,-
3KDW4 and GNPs-5K,-3KDW4, respectively, which is 233 and
1,400 times shorter than the lifetime of the individual ligand—
receptor bond (S Appendix, section S.3.10), leading to irreversible
adsorption of GNPs even when the single bonds are instead revers-
ible. This is a fact that has been experimentally confirmed for other
multivalent systems, e.g., the work of Dubacheva et al. (13, 18)
where irreversible multivalent adsorption is reported at timescales
where the single bond was reversible.

To rationalize the experimental selectivity of GNPs, a predictive
model for the adsorption behavior of the nanoparticles was devel-
oped by adapting a model previously described (15, 19), which is
an extension of Martinez—Veracoechea and Frenkel model (7).
This model is described in detail in Materials and Methods. The
solid lines in Fig. 3 are the result of a fit to the experimental data
(the adsorption curves of GNPs-5K,-3KDW4 and GNPs-2K,-
3KDW4) with the model using two adjustable parameters: the
dimensionless scaling factor C and the configurational bond pen-
alty BAG,,,. This analytical model is based on a simplified coarse-
grained description and is not expected to capture all details of
the experimental systems; however, semi-quantitative, or at least
qualitative agreement can be expected. For example, the model
ignores allosteric cooperative effects (31) by assuming that indi-
vidual ligand-receptor bonds form independently. It also excludes
the effect of ligand size on the repulsion of the polymer brush.
Nevertheless, Fig. 3 shows a good agreement between the exper-
imental results and the modeling predictions. In particular, the
theoretical model quantitatively reproduces the drop in GNPs
adsorption of GNPs-5K-3KDW4, compared to GNPs-2K,-
3KDW4, and qualitatively captures the increase in selectivity of
GNPs adsorption (higher I' | and o) of GNPs-5K,-3KDW4,
compared to GNPs-2K-3KDW4 (SI Appendix, Fig. S6). In addi-
tion, the obtained values of the two fitting parameters C = 5/2,

and fAG,,, = 13.5 are within the expected order of magnitude.

For example, JAG,,, of ethylene glycol linker in DNA-coated
colloids is found to be 12.6 to 15.7 (32). The agreement between
the experimental and theoretical results provides additional
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evidence on the selectivity enhancement of the longer protective
PEG. The long protective chains provide a repulsive barrier that
nanoparticles must overcome to interact with receptor surfaces.
Alarger ', . is required to provide a sufficient attraction between
the GNPs and the receptor to overcompensate this steric barrier,
hence favoring nanoparticle adsorption. Above the T' ., the
attraction generated by the formation of ligand-receptor bonds
increases supralinearly with the receptor surface density '
Consequently, the nanoparticle adsorption is highly selective to
receptor surface density.

To further investigate the effect of the repulsive potential on
the selectivity, the adsorption of various GNPs, exhibiting different
values of Nygc, ppc> ppcpwss and pF,, (Table 1), was measured
for two representatlve TR surfaces one with low coverage (TfR5,
[g = 3.52 x 10° molecules/nm ) and the other with high cover-
age (TFRGO0, 'y = 7.98 x 10° molecules/nm®) (Fig. 24 and
SI Appendix, Table S2). The GNPs adsorption data are shown in
SI Appendix, Table S3. A selectivity parameter Oty o s Was cal-
culated based on Eq. 1 usmg two Dy values (3.52 x 10° and
7.98 x 10° molecules/nm?). ot geo s represents the ability of
GNPs to selectively discriminate the TfR60 surface from the TfR5
one. The parameter Ot rms Was plotted as a function of the
number of protective PEG chains on GNPs surface Ny, the
number of ethylene glycol units in protective PEG npp; (Fig. 4).
Fig. 44 shows that an increase in Npyg leads to an increase in
Orreo-Tirs- Fig. 48 shows that increasing 72pp from 46 to 114 leads
to an increase in Otpgeg s Note that increasing Nppg or 72ppg
theoretically leads to an increase in the magnitude of the repulsive
potential BF,, (SI Appendix, Eqs. $9-S17 and Fig. S9). The plot
of Ogeo-irs versus B, (ST Appendix, Fig. S10) shows that ot
Tirs increases with increasing SF, . This trend is more pronounced
for longer ligated chains (PEG;x-DW4 versus PEG,-DW4). As
described in the theoretical model, the length of ligated chains
affects the adsorption energy, the longer the chain, the stronger
the attraction. When the ligated chains are long, the growth of
the combinatorial entropy with receptor surface density is strong
enough to overcome SF,, ensuring adsorption to receptor-func-
tionalized surfaces of hlgﬁ coverage. In summary, the results con-
firm that it is experimentally possible to tune the selectivity of
GNPs (TfR60 over TfR5) by adjusting the ligated chain length

and the magnitude of pF,, (by changing Nyg, 7pc). The

B 57 Ligated PEG
mm PEG,cxDW4
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OLTfR60-TfR5
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Fig. 4. Effect of the number of protective PEG chains on GNPs surface Npgs (A), the number of ethylene glycol units in protective PEG ny¢ (B) on the parameter
areo-rrs: 1he number of adsorbed GNPs was measured by AFM (S/ Appendix, Tables S3 and S4). Error bars represent the standard deviation of the means of
AFM measurements of three different areas on three independent samples. A comparison between SPR and AFM data shows no significant difference (S/

Appendix, Fig. S8).
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selectivity increases with an increase in fF,,
ligated chains, the stronger the SF,, effect.

It is relevant to mention some limitations of the present exper-
imental models. The cell membrane was modeled using TfR-
immobilized SAMs of PEG whereas natural cell membranes are
known to display on their surface not only receptors but also some
other polymers such as glycocalyx (33). Like protective chains,
the glycocalyx chains can provide additional repulsive forces
between the nanoparticles and the cell surface (15, 19). In addi-
tion, the elasticity and the curvature effect of the cells (34) are not
taken into account in the cell membrane model. For a deformable
surface, the interface between the nanoparticles and the recep-
tor-functionalized surfaces can be convex-on-concave or con-
vex-on-convex, depending on the overall interactions between the
nanoparticles and the receptor surfaces. For convex-on-concave
contact, the numbers of interacting ligand and receptors (/V; and
Np) will be larger than that for convex-on-flat contact and the
reverse scenario for convex-on-convex contact. Consequently, both
attractive and repulsive contributions will change in the same
direction as that for a change in V; and/or N,. To address this
point, experimental measurements of nanoparticle adsorption on
cells, receptor-functionalized giant synthetic lipid vesicles, or
detailed theoretical modeling (35) would be required.

and the longer the

Conclusion

In conclusion, we have developed highly specific and tunable exper-
imental systems modeling multivalent nanoparticle-cell surface
adsorption. Using these systems in combination with theoretical
modeling, an unprecedented detailed and systematic experimental
evidence on the selectivity of bimodal monolayer-functionalized
nanoparticles toward the receptor surface density is demonstrated.
This study confirms that a bimodal monolayer with longer protec-
tive chains provides a better selectivity (by increasing both the
adsorption onset and the selectivity parameter ), compared to the
one with shorter protective chains as previously suggested by sim-
ulation and theoretical studies. A relationship between the repul-
sion due to protective chains and the selectivity was established
and provides a practical guide to design nanoparticles for targeting
specific receptor surface density. The presented approach is useful
for the development of nanoparticle-based drug delivery systems
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