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Abstract
Nanogels are a central class of biomaterials widely used in the field of drug delivery for the treatment
of different pathologies such as tumors, cardiovascular diseases or central nervous system disorders.
The great peculiarity of these systems is that, if properly surface functionalized, they are able to target
specific body tissues and exploit precise targeted drug delivery. Anyway, the presence of a surface
layer on the nanoparticle core can affect not only the biological behavior of the whole system but also
its physical and drug delivery properties. In this work we investigated how the presence of different
surface functionalization strategies on the same PEG-PEI nanogel framework influences the
aforementioned peculiarities. The nanogels were functionalized with amine and pyridinic groups,
while the properties analyzed and compared were the hydrodynamic diameter, the {-potential and the
drug release ability. Moreover, we performed the evaluation of the cytocompatibility of the final

nano-carrier and a molecular analysis of the surface features of these systems at microscopic level.
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1. Introduction
Nano-systems are becoming very attractive materials in many biomedical applications such as drug
delivery, tissue engineering or nanodiagnostics [ 1-3]. Widespread attention has been paid to targeted
drug/gene delivery systems that allow the distribution of their cargos to target sites, increasing the
therapeutic efficiency [4,5]. Indeed, these devices allow to localize drug effect, limit their side effects
due to their lack of interaction with other tissues of the body, protect the drug in vivo from degradation
and minimize symptoms and degenerative effects of diseases such as cancer, neurological injuries or
cardiovascular diseases [6,7]. Commonly, targeted drug delivery is divided into either “passive” or
“active” [8]. Passive drug delivery is based on the differences between normal areas and diseased
tissues that determine the accumulation of the carrier in the altered zone and it relies on the different
distribution of the drug by blood circulation. Active drug delivery is instead a method aiming to reach
a specific biological target, for example thanks to the conjugation of the delivery system with a certain
ligand, such as an antibody, specific for a receptor on the surface of a peculiar cell population [9].

Literature presents a wide variety of nanocarriers and especially nanoparticles are able to meet the
requirements about targeted delivery, modulation of cell response and controlled release of the cargo
[10,11]. Among them, nanogels (NGs) are a very interesting class of nanobiomaterials [12,13]. Their
formulation is compatible with biological tissues, due to a high water content and a peculiar carbon-
based composition, which impart them biocompatibility and biodegradability. Moreover, NGs have
high specific surface, excellent drug encapsulation ability and significant swelling behaviour with a
remarkable structure stability and fast response to environmental changes that makes them extremely
suitable for the selective target delivery [14,15].

Because of all the aforementioned peculiarities, NGs can be a pivotal device to target cells and treat
them with proper drugs and active substances, but the possibility to obtain a selective and effective
targeting still remain a big challenge hampered by the high selectivity of absorption of many cellular

populations and the multiple membrane barriers to be overcome [16,17].



In order to satisty these requirements, nanogels surface functionalization may become a strategic
tool to impose to the nanosystem specific properties and so tuning its behaviour overcoming
biological limitations and unwanted effects [18,19]. Responsive chemical groups or specific
molecules can be chemically or physically linked to the NG structure to promote specific interactions
with cells receptors and to trigger the endocytosis of the nanocarrier inside the cytosol of the cells
[20-23] In fact, there are many examples in literature about how the presence of layers of different
nature on a specific core is able to modify the properties of the entire system [24—-27].

We have already investigated this aspect in previous works [11,28,29]; nonetheless, since the NGs
behaviour in vivo is influenced by the surface physical-chemical properties [30], in this work we are
interested in studying how the moieties used to modify the NGs surfaces affect the physical properties
of the system and in particular the drug release ability, using rhodamine B (RhB) as a model drug.
The NGs tested for our purpose were synthetized with polyethylene glycol (PEG) and linear
polyethyleneimine (PEI) and conjugated with a chromophore in order to ensure in vitro detection.
The decorative functionalization strategies were realized using two different molecules: the 3-
bromopropylamine hydrobromide and the 4-(bromoethyl)pyridine hydrobromide, selected in order to
analyze the effect of the presence of an amine functionalization on the surface, in an aliphatic and
aromatic form, respectively. Mesoscale simulations of each NG were carried out and established a

link between NG properties and microscopic surface features.



2. Materials and Methods

2.1 Materials

Polymers: linear polyethyleneimine 2500 (My=2.5 kDa, by Polysciences Inc., Warrington, USA) and
polyethylene glycol 8000 (My=8 kDa, by Merck KGaA, Darmstadt, Germany). All other chemicals
where purchased from Merck (Merck KGaA, Darmstadt, Germany) and used as received, without
any further purification. Solvents were of analytical-grade purity. All the rhodamine-based products

were stored at 4°C.

2.2 Characterization techniques

Fourier transform infrared (FT-IR) spectra were recorded using the KBr pellet technique for the
analysed samples and a Thermo Nexus 6700 spectrometer couplet to a Thermo Nicolet Continuum
microscope equipped with a 15 x Reflachromat Cassegrain objective at room temperature in air in
the wavenumber range 4000-500 cm™!, with 64 accumulated scans and at a resolution of 4 cm™'. The
size, polydispersity index (PDI) and (-potential of nanogels were investigated using the Dynamic
Light Scattering (DLS) technique while morphological evaluation with Atomic Force Microscopy

(AFM) analysis as discussed in previous work [28, 29]

2.3 Nanogel synthesis

The nanogel synthesis was performed as described in details in our previous works [29,31]. Briefly,
in the first step of the preparation the PEG hydroxyl group was modified using carbonyldiimidazole
(PEG-CDI), while propargyl-PEI was functionalized with rthodamine B azide using the copper-
catalyzed azide-alkyne Huisgen cycloaddition (CuAAC) reaction. Then two solutions were prepared:
in the first one the functionalized PEG (200 mg, 0.025 mmol) was dissolved in CH>Cl» (3mL), while
in the second solution the PEI conjugated with RhB (52 mg, 0.017 mmol) was dissolved in distilled
water (5 mL). The organic solution was added dropwise to the aqueous one under stirring at r.t. and

the final system sonicated for 30 minutes.



Then the mixture was allowed to stir for 17 hours at room temperature (25°C) promoting the
evaporation of CH>Cl. Finally, the obtained aqueous solution was purified through dialysis against
slight acid water (My cut-off = 3.5 kDa) and lyophilized. These nanogels were used as a reference

for cell internalization and they were labeled as NGs.

2.4 Nanogel decoartion with -NH>

The primary amine grafting around the nanogel surface was performed as discussed in our previous
work [29]. Briefly, NGs (15 mg) were dissolved in distilled water (1 mL) and the 3-
bromopropylamine hydrobromide (4.95 mg, 22.64 umol) was dissolved in distilled water (0.5 mL)
and added dropwise to the nanogel solution. The mixture was stirred for 17 hours and successively
the solution was dialyzed (My cut-off = 6-8 kDa) against distilled water for 3 days, with daily water
exchange, allowing the removal of unreacted species. The system was frozen at -80°C and the product
was finally recovered through lyophilization. This typology of coated nanogels will be indicated with

NG-am.

2.5 Nanogel decoration with pyridinic group

The pyridinic group was grafted to the surface of reference nanogel with a procedure similar to the
one previously explained. NG-ref (15 mg) were dissolved in distilled water (1 mL) while 4-
(bromoethyl)pyridine hydrobromide (10 mg, 40 pmol) was dissolved in another vial of distilled water
(1 mL). This latter solution was added dropwise to the nanogels’ solution under stirring at room
temperature (25°C) and the system was left under stirring for 17 hours. The final solution was
dialyzed (Myw cut-off=6-8 kDa) against distilled water (1 L) for 3 days, with daily water exchange,
allowing the removal of unreacted species. The system was frozen at -80°C and the product was

finally recovered through lyophilization. These nanogels from now on will be indicated with NG-pyr.



2.6 Loading of nanogels with rhodamine B and in vitro drug delivery

The nanogels were loaded with rhodamine B, commonly used in literature as drug mimetic [32,33].
To optimize drug loading in previous work we studied two different strategies. In the first, the drug
was entrapped in the swollen preformed NG as follows: a polytetrafluoroethylene (PTFE) cylinder 1
cm in diameter and 1 cm long with an axial perforation of 1 mm diameter and a radial one of 500 pm
was used for mixing (Figure SIS a). The NG water suspension (1 mg/mL) and the dissolved Rolipram
drug solution in ethanol (0.014 mg/mL) were loaded in syringe pumps and injected radially into the
device at a flow rate of 1 mL/min. For the second procedure lyophilized NG was suspended directly
in drug solution and mixed until dissolution. The swelling NG establishes high concentration gradient
between the solution and the inner core of the NG (Figure SIS b). Then, loaded NG was dialyzed
(membrane Mw cutoff = 3500 Da) against aqueous solution for 30 min in order to remove free drug
molecules. The results obtained were similar and in this work we decided to use the second one. Drug
release mechanism was investigated at pH 7.4 using a phosphate buffered saline solution (PBS). In
details, each loaded nanogel sample was placed, within a dialysis bag (cut-off=1500 Da), in excess
of PBS and aliquots (3 x 100 ul) were collected at defined time points, while the sample volume was
replaced by fresh solution, in order to avoid mass-transfer equilibrium with the surrounding release
environment. The experiments were performed at 37 °C. Percentages of released RhB were then
measured by UV spectroscopy at a specific wavelength (A =570 nm). Loading efficiency (% loading)

was calculated referring to the equation:

initial amount loaded—free drug 100

% loading = (1)

initial amount loaded
Drug diffusion mechanism can be described as 1-dimensional model of the second Fick law as
discussed in previous work [28, 34] where the nanogel geometry is a sphere and the material flux

mainly takes place at the nanogel/PBS surface.



2.7 Cytocompatibility evaluation of nanogels

Mouse fibroblasts (L929) were cultured in complete medium (Dulbecco’ s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin, 1% L-glutamine
200 mM. L929 were seeded in 24-well plates at concentration of 50,000 cells/well in 1 mL complete
medium and grown at 37 °C, 5% CO,. After 24 h, the medium was changed and NGs (0.05%
weight/volume) were then added to cell cultures for up to 3 days. After 3 days of culturing, the
cytotoxicity of macrostructure was evaluated by performing an MTS assay.

The absorbance was measured at 570 nm, and the results were compared with that of the control wells

to determine relative cell viability.

2.8 Molecular modeling of NG surfaces

Coarse-grained (CG) representation of each NG surface was performed and we retrieved the surface
behavior by means of dissipative particle dynamics (DPD) [35] [36-38]. DPD has been already
successfully used in the prediction scale and phase behavior of polymer brushes and solvent-
responsive brushes in smart nanofluidic devices [39—41]. Thanks to the short length of the coating
groups we adopted a simplified model of the surface as a flat PEG-PEI plane to which the functional
layer is linked. The system is represented by DPD segments (also called beads), at CG level, and
contains several atoms depending on the CG level where one bead represents one water molecule.
The surface of the nanogel was modeled as a collection of PEG-PEI beads kept frozen, i.e. not moving
throughout the simulation. The decaorative layer was then built as an ensemble of bead-spring chains
randomly attached at a density of 1.2 and 2.4 chains/nm? for NG-am and NG-pyr, respectively, based
on a putative estimation from experimental functionalization data. Full details of the CG models can
be found in the SI. The DPD bead interaction parameters were evaluated using the solubility
parameters estimated by Hansen theory [42] and mapped into the Flory-Huggins parameter [43];
electrostatic interactions were modeled by replacing point charges with Gaussian distributions

[44,45].



Standard Ewald summation was used to evaluate interaction of charged beads with the real-space
cutoff set to zero and the homogeneous relative dielectric constant to &, = 80. All simulations were
carried out in LAMMPS [46] and trajectories analyzed by in-house developed code. Visualization

was done in VMD tool. More simulation details are provided in the SI.

2.9 Statistical analysis
Where applicable, experimental data were analyzed using Analysis of Variance (ANOVA). Statistical

significance was set to p value < 0.05. Results are presented as mean value + standard deviation.



3. Results and discussion

3.1 Nanogel chemical characterization

The nanogel synthesis was performed with the reaction between the bis-functionalized PEG-CDI and
the rhodamine-PEI through the emulsification evaporation method (Figure 1A). After sonication, the
progressive evaporation of CH>Cl, from the emulsion encourages the homogeneous dispersion of
PEG chains around PEI. This conformation is a pivotal condition in order to meet the biocompatibility
criteria with the cellular environment. In fact, PEI has shown toxic effects on cells especially when
used alone[47]: the grafting and mixing with PEG that is a non-toxic and non-immunogenic polymer
guarantees to the final system a high degree of solubility in water and great biocompatibility of the
entire system[48]. In this work, we have functionalized PEG with an excess of CDI to trigger the bis-
functionalization of the polymer. On the other hand, the functionalization of PEI with RhB involves
on purpose a small portion of amine groups of the polymer, preserving most of them for the reaction
with CDI-PEG, as widely discussed in our previous works [29,49]. The synthesized nanogels (here
NG-ref) were characterized through FT-IR analysis and the results, showed in the Figure 1B, confirm
the occurred synthesis [29]. The carbamate group (as shown in Figure 1A) could be recognized at
1620 cm! (1, asymmetric stretching COO"), 1440 cm™' (2, symmetric stretching COO) and 1290 cm-
(3, N-COO- stretch). The synthesis allows us to obtain monodispersed gel particles with small and

controllable size as visible from DLS analysis (Figure1C).
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Figure 1. (A) Scheme of nanogel synthesis and resulting putative structures of NGs; (B) FT-IR

characterization of NGs; (C) DLS measurement of NGs.

3.2 Nanogel decoration strategies

As aforementioned, two main strategies for rhodamine labelled nanogels were studied. First, we
evaluated the effect of amine group covering the nanogels surface using 3-bromopropylamine
hydrobromide: in this case the 3-bromopropylamine nucleophilic substitution involved the residual
PEI amine groups without affecting the nanogels bonds and preserving the framework of the
polymeric system. Then the functionalization with the pyridinic group was performed in a similar
way using 4-(bromoethyl)pyridine and also in this case the nucleophilic attack takes place from the

free -NH sites present in the PEI molecules of the NG-ref structure.
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In all cases, the molecules used to perform the functionalization were used in large excess with respect
to the NG-ref molecules in order to trigger the functionalization. In Figure 2 the schematization of
these functionalization strategies on NGs -NH free sites is reported and act as anchoring groups (FT-

IR spectra in SI).
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Figure 2. (A) Schematization of the cross-linking process between PEG and PEI to form the NG framework;
(B) focus on the functionalization of the external PEI chains with different molecules in NGs framework; (C)
AFM images of fluorescent coated nanogels: NG-ref (a), NG-am (b) and NG-pyr (¢) from left to right. Scale

bars: 300 nm.

The effects of decoration on the nanogel structure and physical properties of the system were then
investigated using the DLS technique, since the hydrodynamic diameter could be affected by
solvation or protonation effects on the nanogel surface.
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At the same time, it is interesting to study the impact on the (-potential of the different chemical
groups used to functionalize the surface. The obtained results are reported in Table 1. All the samples
were characterized by hydrodynamic diameter values between 155 and 223 nm, that enable potential
cellular internalization: in details, NG-am were smaller, while NG-pyr larger than uncoated NGs and
their interaction with living cells could be strongly influenced by these small differences. This size
variation is mainly related to the grafting of the new functional groups on the nanogel surface. In fact,
despite their presence increases the steric hindrance of the systems and could determine a prominence
of the swelling behavior, important changes can be also observed in the (-potential of the
functionalized nanogel. The distributed charge can be strongly affected by the presence on the surface
of the nanogel of diverse chemical groups [30]. As mentioned in our previous work [29] the presence
of primary -NH» surface groups determines nanogel protonation and a positive charged interface.
This phenomenon is not observed in the case of decoration with the pyridinic group, when the (-
potential values maintain an almost neutral value. Moreover, it can be noticed that NG-am and NG-
pyr present similar values of PDI higher than NG-ref: this increase can be explained due to the

presence of an additional steric hindrance present on the nanogel surface.

Table 1. Nanogel DLS (mean values, n = 3) measurements in PBS.

Nanogel type Diameter [nm] PDI [] {-potential [mV]
NG-ref 190 0.15 0.01
NG-am 155 0.2 3.05
NG-pyr 223 0.21 -0.096

Morphological evaluation can be observable from AFM analysis (Figure 2): all particles showed a
spherical and smooth surface with sizes similar and partially comparable with the ones obtained with
DLS. The slight variations are relative to the sample processing between DLS and AFM analyses that

is different.
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Indeed, while DLS analysis is performed in aqueous solutions (measures hydrodynamic radius) AFM,
measurement is conducted in dry state. Due to this fact it is not possible to observe with AFM the
same differences, in term of diameter, visible with DLS. In Figure 3 the evolution of the particle size
versus time is reported and it is possible to observe that, in all cases, the NGs diameter remains
substantially unaltered; in fact, only minor changes are visible underling the colloidal stability and
absence of aggregation (same results were collected also in cell culture medium present in Supporting
Information). The same trend is observable also for coated NGs, finally proving the efficiency and

stability of the added coating strategies.
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Figure 3. A) Particle size (n = 3) versus time of NG-ref (black circles), NG-am (red circles) and NG-pyr (blue
circles). (B) Fibroblast viability after incubation for 3 days in the presence of nanogels. The columns represent

the mean = S.D.; n= 3.

Cytocompatibility of nanogels (NG-ref, NG-am and NG-pyr) was evaluated in vitro culturing L929
fibroblasts for 3 days then measured with MTS assay. The concentration of NGs used is the same
used in pharmacological treatments and in other biomedical studies [48]. The results, in Figure 3,
clearly showed the absence of potentially toxic components in all the NGs tested respect to control

group (100% in the graph).
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3.3 Mesoscopic simulation of the nanogel surfaces

In our previous work [29] we carried out a study focused on molecular aspects of nanogel surfaces
functionalized with specific moieties. At that time, we analyzed NG-am, highlighting its peculiarities
and behavior in aqueous environment. We decided to reproduce that analysis in this work to unfold
other families of modified nanogels following the same guideline, which has been proven accurate in
studying coating and chain packaging at nanoscale. Modification of nanogel surface with anchoring
molecules or functional groups is expected to alter the nature of the surface with a layer of just a few
nanometers thick. Depending on the number of tethering points and chemical structure of the
decoration layer, the effects can be confined — generating surface anisotropy — or extended over the
entire surface. Thus, it is essential to know how the coating shell behaves either in terms of
arrangement of grafted groups and local distribution of the solvent to unveil the length scale of
functionalization, surface homogeneity and topography.

A molecular snapshot of NG-am and NG-pyr surface is reported in Figure 4. Visual inspection of
the systems as predicted by DPD calculations reveals that NG-am and NG-pyr achieved a different
level of coverage, which reflects in dissimilar local arrangement of anchored chains and water
molecules. Two-dimensional density maps of system components were then derived, averaging over
the PEG-PEI surface and the molecular height of the functional layer (known as “brush height” [40]).
This provided us with quantitative information about chain organization and how the PEG-PEI
surface is shielded from the external solvation environment at microscale (Figure 4). NG-am and NG-
pyr nanogel are endowed with a different degree of hydration, being the latter described by a less
solvated microenvironment (Figure 4A and B). To compare the content of solvent within the layers
with that of unmodified NG, values were normalized to the average water density in NG-ref. In both
cases, we observed a lower local water content in the functionalized surfaces. Water distribution
appeared more homogenous in NG-pyr caused by the higher density of tethered chains, while the less

extent of functionalization in NG-am induced areas of discontinuous water concentration.
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Figure 4. Top- and front-view snapshots taken from equilibrated surface structure of NG-am (A-B) and NG-
pyr (C-D). Sodium and chlorine beads are depicted as white and orange spheres, respectively. Water is not

shown for clarity.

Density maps of chain distribution are then reported in Figure 5, with values normalized to the
average polymer concentration in each system to allow quantitative comparison between the surfaces.
Red (to green) areas thus represents zones where the concentration of grafted moieties is higher, while
blue patches indicate parts of the surface where solvent prevails. Having this in mind, we saw that
NG-am presents large unfunctionalized areas exposed to water molecules, which resemble NG-ref
surface. Conversely, in NG-pyr the functional groups are less localized and areas where chains are

absent are smaller in size and more uniformly distributed over the layer.
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Figure 5. Two-dimensional density maps of solvent (A and B) and tethered chains (C and D) for NG-am (A-
C) and NG-pyr (B-D) system. Water density values are scaled to the average water content in NG-ref, while

chains per unit area are normalized by the average chain value in the corresponding system.

3.4 Drug release profiles

Once proved that PEG-PEI colloidal gel systems were successfully functionalized with different
chemical groups, their role in drug release was studied using RhB as a drug mimetic. The results
collected were compared with the case of neat NGs already published (black circle, Figure 6) [50].
This study is necessary to investigate the benefits related to the use of different decoration strategies
in our nanogel system. Release studies were conducted at 37 °C at pH 7.4. RhB was chosen for this
investigation because its steric hindrance and its functional chemical groups resemble many drugs
containing free carboxylic acid or carbonyl group, commonly used in pharmaco-therapy, for example,

to treat CNS damages or cancer side effects [51-54].
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The values of loading in the different typologies of NGs confirm an efficient encapsulation in the
NGs framework and are listed in Table 2. As known in literature, colloidal nanoparticles present the
ability to load and carry drugs with three main mechanisms: loading them within their core, adsorbing
them in their external layer (coating) and coordinating them with electrostatic interactions [55,56].
We investigated the last one in previous study [57]; in this work we are interested in understanding
the role of adsorption that generally is underestimated. Being the nature of the inner part the same for
these three colloids, the ability to load drugs within them is the same [33] and so we focused our
attention on the two other mechanisms involved. From Table 2 it is visible that coated NGs are able
to load higher percentage of drug with respect to uncoated NGs. The increasing of adsorbing sites in
outer layer causes higher loading ability and so, not only drug entrapment but also drug adsorption is

very important, underlining that decoration of NGs is a promising strategy to increase drug loading.

Table 2. Loading percentages of RhB for NGs, NG-am and NG-pyr.

Nanogel type Percentage of loading
NG-ref 60%
NG-am 85.3%
NG-pyr 81.4%

The percentage of RhB released (Figure 6) was defined as the ratio between the released amount in
the aqueous media and the total amount loaded into the NGs. In Figure 6 the release profiles of RhB,
investigated after incubating the samples at 37°C in PBS, are presented as ratio between the released
amount in PBS and the amount effectively loaded within NGs with different decoration strategies
then compared with neat ones. In Figure 6A release profiles from NG-ref (black), NG-am (red) and
NG-pyr (blue) are visible and in Figure 6B zoomed in the first 24 hours. In all cases RhB release
presented a biphasic pattern with an initial burst release followed then by a sustained release

prolonged in time until 15 days.
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The coated NGs presented a more prolonged sustained release with respect to the uncoated NGs
considering the fact that amine and pyridine constituted an obstacle to drug diffusion. Indeed drug-
polymer interaction between drug molecules and organic coatings are able to modify release rates.
Between them, pyridine moieties improve the performance of PEG-PEI NGs in accordance with
literature [58—60].

The influence of the system in delivering RhB was studied plotting release percentage against the
time to the power of 0.43 (t23 in Figure 6C). A linear plot is representative of Fickian diffusion and
the y- axis intercept value is an indication of burst release, where it is well known that an ideal
controlled release system should present linear trend during time and its y-axis intercept equal to zero.
In neat NGs, RhB release showed a linear trend for the first 6 h, whereas for NG-am and NG-pyr it
is extended until 12 hours underlining the efficacy of decorative strategies in improving release
performances of the colloids. Another advantage is represented by the reduction of burst release,
commonly known as one the unwanted phenomenon in drug delivery devices. This value is around
30% for NGs, 16% for NG-am and 4.2% for NG-pyr. Release data were used to estimate the RhB
diffusion coefficients and the numeric value are presented in Table 3. The diffusion coefficients are
calculated according to the theoretical approach described in Materials and Methods. In accordance
with release studies, diffusivity for uncoated NGs presents higher values (one order of magnitude)
compared to coated NGs. RhB is a bulky compound with a hydrophilic character [61]. Mesoscale
calculations revealed that the functionalization with primary amines led to a more hydrophobic
microenvironment within the outer layer compared to NG-ref (Figure 4A). This could make the
partition of the drug inside the shell more favorable, correlating with the reduction in the diffusion
coefficient. At the same time, NG-am is characterized by large (compared to RhB size)
unfunctionalized areas. These leave free space for direct diffusion of the drug into the bulk solvent

and might explain the similarity in release with NG-ref on long timescales.
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Figure 6. (A, B) In vitro release profile of RhB at pH = 7.4 from NG-ref (black circles), NG-am (red circles)

and NG-pyr (blue circles) at different time scales. (C) The slope of RhB release at pH = 7.4 from neat NG-ref

(black circles), NG-am (red circles) and NG-pyr (blue circles) against the variable time expressed as t

1/2.3 is

representative of the Fickian diffusion coefficient of drugs in NGs (p < 0.0001 between all of the groups). The

values are calculated as a percentage with respect to the total mass loaded (mean value + standard deviation is

plotted).

Table 3. Diffusion coefficients of RhB from NG-ref, NG-am and NG-pyr.

Nanogel type Drus® [em?/s]
NG-ref 3.19
NG-am 1.02
NG-pyr 0.15

* All values have to be multiplied for 10~
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NG-pyr is even less hydrated compared to NG-am (Figure 4C). At the same time, it is more crowded
with respect to NG-am and this enhances the likelihood for RhB to come into contact with the
pyridinic groups. Moreno-Villoslada et al. demonstrated the ability of RhB of establishing persistent
7-1 interactions with aromatic moieties present on water-soluble polymer matrices [62]. Therefore,
diffusion may be further hindered by favorable molecular interactions taking place between RhB and
the decoration layer. All these evidences are instructive in interpreting the considerably lower

diffusion coefficient and delayed release observed for NG-pyr.

4. Conclusions

In this work we have proposed different decoration strategies on the same nanostructure core. The
physical characterization of the final systems together with the drug release tests demonstrated that
the presence of a different surface layer on the same nanostructure core determines on the whole
system quantifiable differences in its behavior. Moreover, molecular modeling proofs the need of
proper control and characterization of the functionalization as well as the role of the molecular

features of the modified nanogel at the microscale.
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