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ARTICLE INFO ABSTRACT

Keywords:
Polymeric nanoparticles
Mechanics of nanoparticles

Drug and gene delivery systems based on polymeric nanoparticles offer a greater efficacy and a reduced toxicity
compared to traditional formulations. Recent studies have evidenced that their internalization, biodistribution
and efficacy can be affected, among other factors, by their mechanical properties. Here, we analyze by means of

AFM . L Atomic Force Microscopy force spectroscopy how composition, surface functionalization and loading affect the
Nanoparticle functionalization . . ) . ) )
Nanomedicine mechanics of nanoparticles. For this purpose, nanoparticles made of Poly(lactic-co-glycolic) (PLGA) and Ethyl

cellulose (EC) with different functionalizations and loading were prepared by nano-emulsion templating using
the Phase Inversion Composition method (PIC) to form the nano-emulsions. A multiparametric nanomechanical
study involving the determination of the Young’s modulus, maximum deformation and breakthrough force was
carried out. The obtained results showed that composition, surface functionalization and loading affect the
nanomechanical properties in a different way, thus requiring, in general, to consider the overall mechanical
properties after the addition of a functionalization or loading. A graphical representation method has been
proposed enabling to easily identify mechanically equivalent formulations, which is expected to be useful in the
development of soft polymeric nanoparticles for pre-clinical and clinical use.

Young’s modulus

nanomechanical properties, has increased notably although still little is
known. Nanomechanical parameters, such as stiffness, Young’s

1. Introduction

The possibility to create biocompatible and biodegradable carriers
with greater efficacy and reduced toxicity, in comparison with tradi-
tional formulations, has increased notably the interest in polymeric
nanoparticles (NP) as drug and gene delivery systems [1-3]. NPs should
accomplish certain characteristics regarding their size, biocompatibility,
charge and composition to be able to reach the site of action and release
the cargo at the required kinetics. Biodistribution, cellular uptake,
endocytic pathway and final intracellular localization have been proven
to be dependent on the nanocarriers’ size, shape, lipophilicity and sur-
face characteristics as porosity or texture [4-9].

In recent years the interest in other factors, such as the

modulus, rupture force or maximum deformability, among others,
define and quantify the deformability of a material, their ability to
squeeze or to resist its rupture. So, nanomechanical properties define the
behavior of NPs and their resistance against mechanical stress and can
influence the lifetime of the nanoparticle in storage as well as in phys-
iological fluids, and thus, compromise the bioavailability of encapsu-
lated active ingredients. Apart from the mechanical stress produced
during the fabrication and administration, NPs face different threats
during their delivery that can be also affected by their administration
route. In intravenous delivery, NPs are exposed to adsorption of proteins
during circulation, shear stress due to bloodstream fluidics, interaction
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with immune system cells, organs filtration [10-16]. In addition, to
perform their activity in the target tissues, nanoparticles are also
affected by extravasation to the tissue and the final cell internalization
[10-16]. Moreover, less invasive administration routes, which are
gaining interest recently, add other mechanical stress sources due to the
presence of mucosa. In the case of tumors, cell proliferation and
impaired lymphatic drainage increases the fluid pressure in their inside
[17]. In all of them mechanics can define the deformability of the NP,
the ability to squeeze or to resist but also the liberation of the thera-
peutic agent.

In the last years the role of NP mechanics has started to be elucidated.
Stiffer NPs have been associated with greater penetration rates than
softer NPs [18-22]. Applied coarse-grained molecular dynamics studies
associated this phenomenon to the larger free energy barrier required
for internalization of softer NPs [23]. But, at the same time, it has been
demonstrated that the mechanical properties can affect the NPs circu-
lation time, being soft NPs greatly persistent. Some publications attrib-
uted this fact to a distinct phagocytosis uptake compared with stiff NPs
[24,25]. A recent study also remarked the importance of nanoparticle
stiffness on uptake and transcytosis at the blood-brain barrier (BBB)
suggesting opposing effects as a function of the carrier characteristics
[26]. In other studies, the NP’s Young modulus and deformability was
linked to spleen accumulation of stiff NPs and, in turn, lower blood
circulation times, information that can be also valuable to treat spleen or
liver tumors [25,27]. In the case of tumors, in parallel to the phenomena
mentioned above, some studies linked the mechanics of NPs to their
penetration depth, being softer NPs the ones exhibiting higher pene-
tration rates [25,28]. On the other hand, other works described that it is
necessary an equilibrium between the excessive deformation of the
shape of NPs with low Young’s modulus and the absence of deformation
of NPs with high values, being NPs with a semielastic response the ones
with better results for pancreatic cell tumor spheroids [29]. Addition-
ally, it has been described that critical barriers for tumor or mucosal
delivery can be overcome by modifying the rigidity of NP [29]. Taking
into account these evidences and in order to study deeper these phe-
nomena, specific approaches are being developed to get information on
the force exerted on NP during cellular uptake [30,31] and the adher-
ence of NPs to the cellular surface [32].

Given the relevance of the mechanical properties of polymeric NPs,
new procedures are being studied in order to modify or reliably control
them. Recently, hydration has demonstrated to influence the mechanical
properties of poly(lactic) (PLA) and poly(lactic-co-glycolic) acid (PLGA)
NPs by a 30-fold reduction of the Young’s modulus at 37 °C [33]. In fact,
the hydration degree of hydrogels has been shown to be a good and
simple way to modify their elasticity [34]. Other options to efficiently
tune NP rigidity is to change the level of cross-linking in polymeric and
hydrogel NPs [35-38]. A recent study has succeeded in tuning the me-
chanical properties of nanocarriers without changing its chemistry [39].
In that case, authors created elasticity-tunable nanocarriers based on
self-assembly oleanolic acid with different rigidities and demonstrated
the differences in their biological activities such as endocytosis and
permeation.

Despite these new findings, the role of certain elements in the
nanomechanical properties of polymeric NPs remain unexplored.
Among them the effect of surface functionalization and loading, key to
make NPs functional as therapeutic or diagnostic agents, remain un-
clear. Here, we precisely address these aspects.

To carry out this investigation we produced polymeric nanoparticles
of interest in biomedical application by nano-emulsion templating,
preparing the nano-emulsion by the low-energy Phase Inversion
Composition (PIC) method [40,41]. This production procedure has the
unique ability to allow, in a fully controllable way, modifying the inner
part of the NPs, functionalizing their surface, or changing their
composition; enabling the obtention of unambiguous results. The use of
PIC emulsification method combined with nano-emulsion templating
allows to tune the components (e.g. surfactant, polymer), the
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composition and size of the NPs as well as the aqueous solution used
[42]. It is possible to formulate NP using different surfactants changing
their surface characteristics [43,44] or different polymers [43,45]. The
nano-emulsion templating method also allows the control of the NP size
by changing the ionic strength [42]. Moreover, this method presents a
high capacity to encapsulate active agents with hydrophobic drug
encapsulation percentages above 98% [43,46] and it can be used to
encapsulate markers such as fluorophores[47] or metallic NPs [48,49].
Once nanoparticles are formed, their surface can be modified by
different procedures, such as covalent binding or electrostatic interac-
tion, and the molecule of interest (peptides, antibodies, dendrons,
DNA...) incorporated on the surface [50-54].

In this work six different types of polymeric NPs, representative for
some of the most used formulations in biomedical applications, were
synthesized and studied: 1) PLGA NPs, 2) PLGA NPs containing a fluo-
rophore (rthodamine 6 G) in the inner core, 3) PLGA NPs functionalized
with antibodies, 4) PLGA NPs functionalized with dendrons, 5) ethyl
cellulose (EC) NPs and 6) EC NPs prepared with a cationic surfactant.
Using them a multiparametric nanomechanical analysis involving the
Young’s modulus, the breakthrough force, and the maximum sustained
indentation has been performed at the single NP level by means of AFM
force spectroscopy. The multiparametric study covers from small elastic
deformations to large deformations and finally the NPs’ rupture, thus
containing all relevant mechanical information.

Results demonstrate that both surface functionalization and loading
can strongly affect the overall mechanical properties of polymeric NPs,
and hence, they can also affect the NPs stability, their circulation time,
internalization efficiency, etc. Therefore, the nanomechanical dimen-
sion related to the introduction of surface functionalization and loading
in polymeric NPs should be carefully considered in the design and
production of efficient drug carriers.

2. Material and methods
2.1. Materials

Pharmaceutical grade Poly (lactic-co-glycolic acid), Resomer 752 H
(PLGA) (polystyrene equivalent molecular weight PSE - MW~10,000 g/
mol, determined by Gel Permeation Chromathography, was acquired
from Evonik. The PLGA lactic to glycolic acid ratio was 75/25 and the
end groups were free-carboxylic acids. Ethylcellulose, was from Color-
con (ETHOCEL™ Premium Std 10 ethylcellulose polymer). Ethoxyl
content was 48.7% and the weight-average molecular weight (Mw) was
66385 + 322 Da with a polydispersity of 4.3 as determined by Gel
Permeation Chromatography[45]. Ethyl acetate and ethanol were used
as the organic volatile solvents and purchased from Merck. Polysorbate
80 was kindly provided by Croda. The cationic amphiphile (CatA),
ricinoleamidopropyltrimonium methosulfate was from Evonik. Kolli-
phor EL (also known as Cremophor®EL, CEL), a nonionic surfactant, was
acquired from BASF. Water was MilliQ filtered (Millipore). Salts used to
prepare the phosphate buffered saline (PBS, 0.16 M, pH = 7.4, 300
mOsm/kg) were sodium chloride, Disodium monohydrogenphosphate
dihydrate and Sodium dihydrogenphosphate monohydrate, purchased
from Merck. HEPES salt (4-(2-Hydroxyethyl)piper-
azine-1-ethanesulfonic acid) was from Sigma Aldrich. Rhodamine 6 G
(Rho6G) was purchased at Sigma-Adrich. The 8D3 mouse monoclonal
antibody against the transferrin receptor (8D3) was obtained from
Bionova (MW = 160 kDa). N-(3-dimethylaminopropyl)-N-ethylcarbo-
diimide hydrochloride (EDC) was purchased from Fluka and
N-hydroxisuccinimide sodium salt (NHS) from Sigma-Aldrich. Third
generation Cationic dendrons with a primary amine focal point, a car-
bosilane structure and a quaternary amine with a positive charge at each
ramification were kindly provided by Rafael Gomez group, from Uni-
versidad de Alcala (Spain).
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2.2. Formulation and preparation of nanoparticles

Six different types of nanoparticles (NP) were prepared for this study:
PLGA nanoparticles (PLGA-NP), PLGA-NP containing Rhodamine 6 G
(PLGA-Rho), PLGA NP functionalized with dendrons (PLGA-dendron),
PLGA NP functionalized with 8D3 antibodies (PLGA-AD), ethyl cellulose
nanoparticles (EC-NP) and ethyl cellulose NP prepared using a cationic
surfactant (EC-cationic).

All nanoparticles were prepared with the same approach, the nano-
emulsion templating using the phase inversion composition (PIC)
emulsification method to obtain nano-emulsions [40,43]. In brief, to
create nano-emulsions the aqueous solution was stepwise added over an
oil/surfactant (O/S) mixture (containing the polymer) at room tem-
perature under continuous vortexing. The nanoparticle dispersions were
prepared from the nano-emulsions by evaporating the solvent under
reduced pressure using a Biichi R-215 V Rotavapor (for 4 g of
nano-emulsion: 43mbar, 25°C, 150 rpm). After that, the volume was
adjusted with Milli-Q water to maintain the osmolality of the sample
around 300 mOsm/kg.

2.2.1. PLGA NP

PLGA nanoparticles were prepared using a nano-emulsion formula-
tion optimized elsewhere [43], PBS 0.16 M as aqueous solution (90%
wt), Polysorbate as surfactant and ethyl acetate containing 4%wt of
PLGA as oil. The used O/S ratio was 70/30.

Same components and composition than PLGA NP were used for
PLGA-Rho NP except for the organic solvent that was changed by a
mixture of ethyl acetate and ethanol (80/20) containing 0.1% wt of
Rho6G [47].

2.2.2. Surface functionalization

Already prepared PLGA NP were functionalized with two different
molecules, dendrons and antibodies, to obtain two new types of NP,
PLGA-dendron and PLGA-AD respectively. In both cases the PLGA NP
surface was functionalized by means of covalent attachment between
the carboxylic groups of PLGA polymer and the amines of dendrons or
the antibodies. The procedure used, the carbodiimide reaction, was
described elsewhere, [55] and [43], for dendrons and antibodies
respectively.

Briefly, PLGA NPs were acidified with HC1 1 M (pH 5.5). An excess of
EDC and NHS was added to nanoparticles, and the mixture was stirred
for around 2 h at 25 °C. After this time, activated nanoparticle dispersion
was basified using NaOH 1 M (pH 8), as well as a solution of the dendron
or 8D3 anti-transferrin receptor monoclonal antibody at the required
molar ratio. Components were mixed and stirred for at least 18 h, at
room temperature (25 °C) to achieve their covalent binding. Finally, the
functionalized nanoparticles were purified to remove the remaining
reactants using a dialysis bag with a MWCO = 10,000-15,000 for 3 h in
2 L of water followed by three more hours in 250 mL of Hepes buffer 20
mM.

This procedure was demonstrated not to affect the antibody structure
and functionality. Nanoparticles were not affected by these slight pH
changes. The antibody and dendron covalent attachment were assessed
previously [43,55].

2.2.3. Ethyl cellulose NP

Ethyl cellulose NP (EC) were prepared using Hepes 20 mM (95% wt
of the final nano-emulsion), ethyl cellulose 6% wt in ethyl acetate and
Polysorbate (for EC) or a mixture 1:1 of CatA:CEL (for EC-cationic) as
surfactant [54].

2.3. Nano-emulsion and nanoparticle characterization
The quality and physicochemical properties of the template nano-

emulsions and most of the resulting nanoparticles were evaluated pre-
viously [43,46,50,56]. Even so, visual assessment and dynamic light
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scattering measurements were routinely performed to assure the quality
of the samples used in this study. The mean droplet size of
nano-emulsions and the nanoparticle dispersions were measured by
dynamic light scattering (DLS) with the 3D LS Spectrometer by LS In-
struments (3D cross correlation multiple-scattering) equipped with a
He-Ne laser (632.8 nm) with variable intensity. Measurements were
carried out at a scattering angle of 90°, in triplicates, at 25 °C. Data were
treated by cumulant analysis. The results are given as mean hydrody-
namic sizes with the standard deviation of the populations considering
the Polydispersity index. DLS measurements were performed at the ICTS
NANBIOSIS by the Nanostructured Liquids Unit (U12) of the CIBER in
Bioengineering, Biomaterials & Nanomedicine (CIBER-BBN), located at
the IQAC-CSIC.

2.4. Atomic Force Microscopy (AFM) imaging and force spectroscopy
measurements

2.4.1. Sample deposition

The ionic strength and the aqueous solution used during the prepa-
ration of the nano-emulsion it is known to affect the size of the nano-
particles prepared by nano-emulsion templating [42]. But once the NPs
are formed their size is not substantially affected by changes in the
aqueous solution. On the other hand the ionic strength can affect the
AFM image quality due to non-balanced electrostatically charges [57].
For this reason, and to homogenize the measuring conditions, NP were
prepared using the aqueous solutions mentioned above, but subse-
quently dialyzed and its aqueous solution changed to Hepes 20 mM pH
7.4.

100 pL of NP dispersion were deposited on freshly cleaved high-
quality mica and incubated for 15 min. For anionic NP 10 pL of CaCl,
10 mM solution was added prior NP deposition to enhance the NPs
adherence to mica. After incubation samples were rinsed with Hepes 20
mM pH7.4. Imaging conditions: Topographic images and force—distance
curves were acquired in Hepes solution with a Nanotec Electronica AFM
using Pyrex silicon nitride tips PNP-DB (Nanoworld) with a nominal
spring constant of 0.06 N/m, resonance frequency in liquid of ~19 kHz,
pyramidal apex, and a typical tip radius < 10 nm. All measurements
were performed in a closed chamber with humid air to avoid evapora-
tion of the Hepes solution. Tips were prewet with 20 uL of buffer to avoid
tip damage due to surface tension during the approach.

Topography images were obtained in intermittent contact dynamic
mode. In this image mode the cantilever is oscillated close to its reso-
nance frequency and renders intermittent contact between the tip and
the sample reducing the potential damage due to frictional forces
compared with contact mode.

2.4.2. Force spectroscopy

Force spectroscopy measurements were performed on isolated
nanoparticles. For force spectroscopy measurements the scanning area
was first limited to individual NPs and then the scanning was stopped in
the line corresponding to the central region of the NP. Force distance
(Fz) curves were measured at the center of the scanning line and the
topography profile monitored continuously including before and after
the Fz’s. Curves were extended a fixed range of 200-300 nm. To assess
the presence of eventual viscoelastic effects, plastic deformations or
slow shape recoveries measurements at different tip approach speeds
and at different rates between consecutive force curves have been
performed.

2.4.3. Software and analysis

WSxM software was used for the processing of images and force
curves [58]. WSxM flooding tool was used to measure the area, perim-
eter, z max and volume of the NPs from the images obtained and used to
calculate the estimated size. Young’s modulus was extracted using
AtomicJ, by using Hertz model and a paraboloid tip geometry [59] and
considering the first 5-10 nm after contact. Breakthrough force, Young’s
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modulus, adhesion and total indentation values correspond to mean
values + standard deviation of at least 30 Fz’s obtained in different NPs
and different experiments (N > 3).

2.5. Statistics

Statistical analysis was performed using OriginPro. Data are repre-
sented as mean + standard deviation. Statistical significance was
determined by One-way ANOVA followed by Tukey method. p < 0.05
was considered statistically significant. Representations of Tukey anal-
ysis are included in Supplementary information.

Phase Inversion Composition method (PIC)
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3. Results and discussion

Polymeric Nanoparticles were prepared by nano-emulsion templat-
ing using nano-emulsions previously prepared by the Phase Inversion
Composition (PIC) method (Fig. 1a) [40,41,60].

The PIC is a low-energy emulsifying method that uses the intrinsic
chemical energy of the system for the formation of nano-emulsions by a
change in the spontaneous curvature of the surfactant as consequence of
a gradual change in the composition during preparation at constant
temperature [40,41,60] (a schematic representation is shown in Fig. 1a).
As it can be performed at mild conditions and allows obtaining poly-
meric nano-emulsions using preformed polymers, this emulsification
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Fig. 1. Polymeric Nanoparticles from Nano-emulsion templating. (a) Schematic representation of Preparation of polymeric Nanoparticles by Nano-emulsion tem-
plating. O: oil (contains solvent, polymer and molecules to be encapsulated), S: surfactant, W: aqueous solution, P: polymer. (b) Schematic representation of the
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method is relevant to entrap labile components for health, pharmaceu- In the present study, six different types of polymeric Nanoparticles
tic, cosmetic and detergency industries, resulting in formulations were prepared and characterized following this method (Fig. 1b): PLGA
without traces of monomers, frequently present with in situ polymeri- NP (PLGA), ethyl cellulose NP (EC), ethyl cellulose NP with a cationic
zation strategies [41,56]. The later removal of the organic solvent from surfactant (EC-Cationic), PLGA NP with encapsulated Rhodamine
the nano-emulsion gives rise to a nanoparticle dispersion (Fig. 1a). (PLGA-Rho), PLGA NP coated with dendrons (PLGA-Dendron) and PLGA
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Fig. 2. AFM imaging of Polymeric Nanoparticles. (a) AFM topography images of PLGA, PLGA-Rho, PLGA-Dendron, PLGA-Ab, EC and EC-cationic. (b) Representative
topography images of individual NP of PLGA, PLGA-Ab and EC-cationic. (c) Profiles corresponding to NPs cross-sections along the lines in Fig. B: PLGA light blue,
PLGA-AD green and EC-cationic red. (d) Height, h, versus width, W, of the NPs absorbed on mica substrate estimated from topographic images. Dashed grey lines
indicate different h:W aspect ratios.
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NP coated with antibodies (PLGA-Ab). These NPs constitute examples of
gold-standard functionalizations in drug delivery systems and allow
comparing individually different factors as the effect of polymer, sur-
factant, surface functionalization, cationic surface or presence of
entrapped molecules (Fig. 1b).

The studied polymeric nanoparticle dispersions have demonstrated
their efficacy in vitro or in vivo and present hydrodynamic radii in the
range of tens of nanometers [43,45,47,50,54,61]. For the present study,
PLGA NPs presented a hydrodynamic radius of 27 + 9 nm, PLGA-Rho
38 & 21 nm, PLGA-Dendron 29 4+ 13 nm, PLGA-Ab 32 4+ 21 nm, EC
NPs 83 + 41 nm and EC-cationic 39 + 25 nm.

3.1. AFM imaging of polymeric nanoparticles

Nanoparticles were characterized by Atomic Force Microscopy
(AFM). Fig. 2a shows representative topographic AFM images obtained
on the different NPs considered. Images were obtained in Hepes buffer in
intermittent contact dynamic mode [62,63]. In all AFM images, struc-
tures with sizes and shape compatible with the NPs were observed.
Surface coverage was clearly dependent on the NP type due to the dif-
ferences in NP surface properties and their interaction with the mica
substrate. As expected, cationic NPs (PLGA-Dendron and EC-cationic)
presented a greater adsorption to the negatively charged mica than
anionic NPs leading to an increased coverage of the substrate surface.
PLGA-Rho NPs presented difficulties to be imaged, resulting on images
of poor definition and elongated NP shape. These difficulties were a
consequence of the weak interaction of PLGA-Rho NPs with the mica
substrate. However, this weak immobilization did not affect force
spectroscopy measurements, in which the tip performs a purely vertical
motion.

Fig. 2b-c show representative examples of AFM topography images
of single NPs and their topographic profiles. As can be observed, NPs
showed a width (W) greater than its height (h). This effect can be better
recognized in Fig. 2d, where the height versus width is represented for
the different populations of analysed NPs. The grey dashed lines repre-
sent different height:width aspect ratios. In all cases, aspect-ratio was
below 1 (1:1, height: width) that would correspond to a spherical
nanoparticle, being most of the NPs in the 1:2.5-1:10 range, and even
1:20 for PLGA-Rho. The flattening of soft nanoparticles and nanovesicles
adsorbed on solid supports is a frequent observation. It is attributed to
the combination of the slight pressure made by the tip during imaging
(magnified by the small size of the tips used, <10 nm), the tip convo-
lution and a small deformation of NPs during its adsorption to the mica
surface due to its soft nature [64-66]. Even so, a good correlation be-
tween the hydrodynamic sizes and the equivalent radius extracted from
AFM measurements was observed in most cases (see Fig. S1).

3.2. Mechanical properties of polymeric nanoparticles

NPs were mechanically characterized at the single nanoparticle level
by individually puncturing them with the AFM tip probe and measuring
the force acting on it from the cantilever bending and tip vertical
displacement. Fig. 3a shows a characteristic plot of the force acting on
the probe as a function of the tip indentation into the nanoparticle
during approach (dark) and retract (light). From approach curves we
can extract different quantitative mechanical parameters, indicators of
different properties: 1) the Young’s modulus, 2) the rupture point cor-
responding to the breakthrough force and 3) the maximum indentation.
The Young’s modulus is a standard parameter used to quantify the
elasticity of a material in response to small deformations. The break-
through force represents the maximum force a material is able to
withstand before its rupture. Finally, the total indentation is the distance
from the initial tip-nanoparticle interaction to the final tip-substrate
interaction and provides evidence of the maximum deformability a NP
can sustain before its rupture. In addition, the adhesion force, necessary
to detach the tip from the nanoparticle, can be determined from the
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retraction curve (light blue symbols in Fig. 3a). The presence the
breakthrough events are displayed by horizontal discontinuities in the
Fz curves, the adhesion by negative peaks in the withdraw curve, while
the tip to mica contact corresponds to the point in which the Fz becomes
a vertical line (Fig. 3a).

Fz experimental conditions were optimized to minimize the viscous
effects, plastic deformations, aging or slow elastic recovery effects (more
information about the optimization process on Supporting Information
S2). The integrity of the NPs indentation was also evaluated by imaging
the NPs before and after the individual Fz’s (see an example corre-
sponding to an EC-Cationic NP in Fig. 3b). This test was routinely per-
formed for all the measured samples. Despite the fact that NPs were
punctured until a break event was observed and the tip-mica contact
detected, none of the NPs considered in this study showed permanent
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rupture or deformation in the topography images under the measuring
conditions used. This result suggests the presence of a self-healing
phenomenon, like the observed on membranes, liposomes or other
similar nanovesicles. This self-healing behavior is suspected to be a
consequence of the structure of the NPs prepared by nano-emulsion
templating. By this procedure NPs have the structure of the former
nano-emulsion droplet, containing the preformed polymer in the core
(PLGA or ethyl cellulose in our case) surrounded by a layer of surfactant
acting as a barrier of the droplet or NP [40,41]. It is described in liter-
ature that two effects are observed in self-healing materials, 1) a
mobility or flow of a mobile phase and 2) a rebuilt of the polymer
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network to restore the mechanical integrity of the system [67,68]. In our
NPs, apart from the flexibility and the capability to rearrange of the
preformed polymer itself, we hypothesize the surfactant layer to be
responsible of the self-healing character of our NPs acting as mobile
phase due to their self-assembling character. For other experimental
conditions, e.g. higher speeds or consecutive Fzs with short time be-
tween them, the self-healing character can be altered due to the lack of
enough time for recovery (see Fig. S2.5).

Fig. 3c shows representative examples of single Fz curves taken on
mica surface (control) and the different NPs studied (PLGA, PLGA-Rho,

PLGA-dendron, PLGA-Ab, EC and EC-cationic). From these
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Fig. 4. Mechanics of polymeric nanoparticles depending on their functionalization. (a) Young’s modulus (MPa) (b) Breakthrough Forces (nN) (c) Indentation (nm)
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representative Fz’s it is possible to already observe differences between
the different types of NPs, which are analyzed on what follows.

The quantitative parameters that define NP mechanical resistance
were extracted from the Fz. Fig. 4 shows the Young’s modulus, break-
through force, maximum indentation after rupture and adhesion force
extracted from the Fz obtained for each type of NP.

The Young’s moduli of the studied NPs (Fig. 4a) were obtained using
the Hertz model assuming a paraboloid geometry and following the
methodology previously used in other soft nanoparticles [69,70]. The
model used considers the approach curves for the analysis and assumed
a Poisson’s ratio of 0.25 [71], small indentations (5-10 nm) and a tip
radius of 10 nm. The resulting Young’s moduli showed values in the
kPa-MPa range, in accordance with previous results in literature for
polymeric NPs [72]. Tukey analysis on the difference between the
analyzed populations is represented in Fig. S3.1. The lowest Young’s
moduli correspond to PLGA and PLGA-dendron NPs, 0.95 + 2 MPa and
0.6 + 0.6 MPa, respectively, while highest correspond to ethyl cellulose
NPs,19 + 13 MPa and 18 + 11 MPa for EC and EC-cationic respectively.
Interestingly, the PLGA-Rho and PLGA-Ab NPs presented Young’s
modulus values closer to the values of EC NPs, 17 4+ 10 MPa and 8
+ 5 MPa, respectively, which are much higher than those obtained for
bare PLGA NPs. Therefore, the loading of PLGA NPs with Rho6G or the
surface functionalization with Ab ended up in NPs with a Young’s
modulus significantly different from the naked PLGA NPs. At the same
time the use of different surfactant (in case of EC NPs) or the incorpo-
ration of dendrons (for PLGA NPs) does not imply a significative dif-
ference. Since the composition and preparation of PLGA and PLGA-Rho
NPs are similar, the presence of Rhodamine 6 G (Rho6G) at the inner
core is considered the responsible for the increment of the Young’s
modulus of these NPs. Rho6G molecules are entrapped between the
PLGA at the polymeric core of the NPs. The efficiency of encapsulation of
the fluorophore is higher than the 99% (ref) and taking into account the
quantity of Rho6G used in the formulation it corresponds to a weight
and molar ratio (Rho6G/ PLGA) of 1:40 and 1:2 respectively. Rho6G is a
cationic molecule while PLGA is anionic. We hypothesize the presence of
this small molecules at the inner core of the NPs could be acting similarly
to cross-linkers, but by means of hydrophobic and electrostatic inter-
action instead of covalent bonding. Thus, Rho6G would interact with
PLGA molecules reducing their mobility and increasing the resulting
Young’s modulus. For PLGA NPs with antibodies on their surface
(PLGA-Ab), their Young’s modulus agrees with the range of the previ-
ously described values for antibodies, i.e. 2.5-9 MPa depending on the
force loading [73]. For EC-Cationic NPs, the presence of different sur-
factant and charges at their surface did not imply a significant difference
in the Young’s modulus compared with bare EC NPs (Fig. 4a and
Fig. S3.1). Focusing on the used polymer (EC or PLGA) has a strong
effect in the Young modulus, with bare EC showing notably higher
values (see above).

Regarding the breakthrough forces, the maximum force the NP
withstands before its rupture, a different trend is observed (Fig. 4b). In
this case, all NPs presented similar values, in the range of 0-3nN, except
PLGA-Ab that presented significantly higher mean values and with
higher dispersion, 2.17 + 1.5 nN (Fig. 4b and Fig. S3.2). It is worth
mentioning that in case of using the carbodiimide reaction for the
functionalization with antibodies, as in this study, the antibody binding
is not directed, resulting in differently oriented moieties and different
homogeneity of coverage. Thus, the concentration of antibodies and
orientation of the antibody could be different from NP to NP and, as
consequence, being one of the reasons for the higher dispersion in the
measured breakthrough forces.

Fig. 4c shows the quantified values for the total indentation, this is
the indentation achieved until the contact with the substrate after the
breakthrough is detected. These indentation values do not correspond to
those used to determine the Young’s modulus which were limited only
to the range 5-10 nm. As expected, NPs with functionalized surfaces
presented higher total indentation values, 46 + 55 nm and 41 + 3 nm
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for PLGA-dendron and PLGA-Ab NPs, respectively. NPs with naked
surfaces (PLGA, PLGA-Rho, EC and EC-cationic) presented similar
values even with different polymer and surfactant, 22 + 3 nm, 24
£ 3nm, 19 + 4 nm and 28 + 2 nm. Previous studies on colloidal poly-
mer droplets suggested that at intermediate levels of cross-linking the
polymer droplet deformability depends on two factors, the rheology of
the droplet and the interfacial tension, but at low levels of cross-linking
it is mainly affected by the interfacial tension.[74] Our indentation re-
sults, obtained on NPs with preformed polymer and showing differences
as a function of the type of coating used, suggest a similar effect and a
dependence with interfacial forces. Complementary information is given
in Fig. 4d where the maximum indentation as a function of the mean
height of the NPs measured is represented. In the plot the symbols are
proportional to the value of Young’s modulus (see also Fig. S4). We
observe that PLGA, PLGA-Dendron, PLGA-Ab and EC NPs are close to the
ideal, height: indentation 1:1 ratio, being the populations with the
lowest Young’s modulus the ones closest to the ideal ratio. It is worth
mention that even the ratio between them is close to the ideal one
(Fig. 4d) there are variability in the measurements and small discrep-
ancies between height and indentation due to experimental conditions
(setpoint used, pixel size...). This is evidenced in Fig. S4 where it is
possible to observe that topography measurements have a greater
dispersion than force spectroscopy measurements. In case of PLGA-Rho
the obtained ratio showed a lower height compared with indentation.
This result is in accordance with the topography measurements as
PLGA-Rho showed difficulties to be imaged but no difficulties during
force spectroscopy measurements. In the case of EC-Cationic the
behavior is different, the height represented in the topographic AFM
images is higher than the values obtained for the indentation. This may
indicate that these NPs compress in such a way that the NPs are not
completely pierced during the indentation of the AFM probe in the range
of forces used.

Concerning adhesion force values (Fig. 4e), all NPs presented values
close to zero except cationic NPs (PLGA-dendron and EC-cationic),
which presented higher values (see analysis of the significative differ-
ence on Fig. S3.4). Thus, the addition of cationic charge results in an
increment of the AFM tip-NP interaction and an increment of the
adhesion values. These results suggest that, as could be expected, surface
charge is more relevant in adhesion than in other parameters. It is worth
mentioning that these higher adhesions are observed under specific
experimental conditions and in vivo this behavior could be altered by
the presence of the protein corona that at the same time is known to be
affected by the size and surface characteristics of the NPs[75,76].

The results obtained suggest that the role of surface functionalization
and/or loading on the mechanical properties of NPs does not follow a
simple trend. Table 1 summarizes the effects of the different factors
analyzed in the present work on the different mechanical parameters
and in the adhesion. These results show that the overall mechanical
properties of polymer NPs can be affected in several different ways
depending on the functionalization or loading performed, further
evidencing the importance of performing a multiparametric mechanical
analysis, as the one reported here, for every particular type of NP.

Given the different aspects addressed by the different mechanical
factors measured, the overall mechanical properties of the nanoparticles
can be assessed through a cluster graph build from the three different
mechanical properties measured (Young’s modulus, indentation and
breakthrough force) for the different NPs. Fig. 5 shows this represen-
tation for the NPs analyzed in the present work (Fig. S5 shows the cor-
responding projections in the 2D planes). The graph provides
information on the elastic response to small deformations (Young’s
modulus), the maximum deformability attainable (Indentation) and the
maximum force that a given nanoparticle type can sustain (Break-
through force). Nanoparticles clustering together present similar overall
mechanical properties, while those clustering apart display distinct
mechanical properties in one or more aspects. In the present study, we
observe 4 differentiated groups. PLGA-Rho, EC and EC-cationic NPs
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Table 1
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Effect of composition, loading and functionalization on the mechanics of NPs.

Characteristics studied

Reference NP NP Young’s modulus Breakthrough Force Indentation Adhesion
Different polymer/ same surfactant PLGA EC # = #
Different loading/ same surface and polymer PLGA PLGA-Rho #* = =
Different surface (Ab)/ same polymer PLGA PLGA-Ab # #* + =
Different surface (cationic dendron)/ same polymer PLGA PLGA-Dendron = = # #
Different surfactant (cationic)/same polymer EC EC-Cationic = = = #

PLGA
B PLGA-Rho
PLGA-Dendron
PLGA-Ab

=
1
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Fig. 5. Multiparametric mechanical 3D representation. X Breakthrough
Force (nN), Y Indentation (nm) and Z Young’s modulus (MPa) for the different
nanoparticles evaluated.

display similar mechanical properties (group 1 in Fig. 5), while PLGA,
PLGA-Ab and PLGA-dendron show distinct overall mechanical proper-
ties (groups 3, 2 and 4 in Fig. 5 respectively). Adhesion would help as a
complementary information to unravel similar populations. Given the
relevance of the mechanical properties of polymeric NPs in cell uptake
and body distribution, it could be expected that NPs displaying different
overall mechanical properties would also show different cell uptake and
distributions (although of course other factors should be also consid-
ered, as mentioned before). Therefore, the realization of multi-
parametric nanomechanical characterizations and of multidimensional
mechanical plots can be of major use in the analysis of the nano-
mechanical properties of different polymeric NPs formulations.

4. Conclusions

The mechanical properties of six different types of NPs with different
surface functionalization or loadings (namely, PLGA, PLGA-Rho, PLGA-
dendron, PLGA-Ab, EC and EC-cationic) and used as delivery system in
biomedical application, have been evaluated by Atomic Force Micro-
scopy force spectroscopy. Values of Young’s modulus, breakthrough
force, total indentation and adhesion force were obtained for each type
of nanoparticles and showed a non-trivial dependence on the surface
functionalization or loading, demonstrating that the overall mechanical
properties of polymer NPs constitute a complex and multifactorial
problem. In reaching these results, it has been key the use of the Nano-
emulsion templating approach using the low-energy Phase Inversion
Composition method (PIC) to obtain the nano-emulsion. This process
possesses the appropriate versatility to create NPs of similar sizes with
different polymers, and surfactants, incorporating a fluorophore at the
inner core or attaching surface functionalization. A graphical repre-
sentation has been proposed to facilitate the identification of NPs with
similar overall mechanical properties, which can be useful in the me-
chanical optimization of drug polymer nanocarriers. Our results

demonstrate that since NPs mechanics can be altered by its surface
functionalization or loading, nanomechanical analysis of NPs should be
considered in general in the process of designing and formulating NPs
with optimized and enhanced cell uptake or bioavailability. These re-
sults evidence the need to carefully consider these properties before
their preclinical and clinical use in addition to the commonly studied
non-mechanical parameters such as the stability of the preparation or its
binding efficiency.
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