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a b s t r a c t
The synthesis of nanogels as devices capable to maintain the drug level within a desired range for a long and
sustained period of time is a leading strategy in controlled drug delivery. However, with respect to the good re-
sults obtainedwith antibodies and peptides there are a lot of problems related to the quick and uncontrolled dif-
fusion of small hydrophilic molecules through polymeric network pores. For these reasons research community
is pointing toward the use of click strategies to reduce release rates of the linked drugs to the polymer chains.
Here we propose an alternative method that considers the electrostatic interactions between polymeric chains
and drugs to tune the release kinetics from nanogel network. The main advantage of these systems lies in the
fact that the carried drugs are notmodified and no chemical reactions take place during their loading and release.
In this work we synthesized PEG-PEI based nanogels with different protonation degrees and the release kinetics
with charged and uncharged drugmimetics (sodium fluorescein, SF, and rhodamine B, RhB)were studied. More-
over, also the effect of counterion used to induce protonation was taken into account in order to build a tunable
drug delivery system able to provide multiple release rates with the same device.
1. Introduction

In the last years a lot of efforts and studies were devoted to the syn-
thesis of novel drug delivery systems consisting of polymeric
nanocarriers [1–4]. The need to improve classic drug administration
routes like oral, intravenous and intra-arterial was and still is one of
the main goals of these researches [5,6]: indeed, while pills and injec-
tions have enabled significant medical advances, these methods are in-
adequate for the delivery of drugs with short half-lives, poor
permeability in membranes, and serious toxicity when delivered sys-
temically in large doses. In particular, the main improvement would
be the possibility to maintain drug level in plasma at an effective level
for a sustained period of time, avoiding under- and over-dosing [7,8].
Moreover, novel drug delivery systems should guarantee: (i) drug pro-
tection from hostile environment; (ii) controlled release in response to
environment stimuli like pH or temperature; (iii) drug targeting and se-
lectivity to specific organs, tissues or cells thus improving the pharma-
codynamic characteristics of the drug [9–11]. Following these
objectives and criteria, researchers and companies focused their atten-
tion on the design of new smart drug vehiclesmade of polymeric colloi-
dal dispersions [2,12]. In this framework nanogels (NGs) appear as a
promising tool: they are nanosized networks composed by physically
or chemically cross-linked polymers and characterized by high biocom-
patibility and biodegradability. They provide large specific surface,
which guarantees the interaction with physiological compartments
and enhances stability and bioavailability of the loaded drugs and pro-
teins [13,14]. Despite the good results obtained in many applications,
several critical aspects are related to the fact that drug release is mostly
driven by pure diffusion mechanism that is very quick due to the high
clearance observed in vivo [15,16]. The hydrophilic nature of encapsu-
lated drugs and biomolecules is not enough to control the releasemech-
anisms, therefore, the necessity to develop NGs able to delay release
rates or allow multiple release kinetics, different from pure-Fickian
ones, is very demanding [17,18].

In order to overcome these drawbacks and so attenuate diffusional
release of biomolecules Vulic et al. [19] introduced biorthogonal strate-
gies to create an affinity bond between peptide and polymeric network,
covalently linking a small protein receptor module to her gel systems.
Similar procedures were also followed by several other groups [16,20,
21] that used different functionalization strategies to link drugs to poly-
mers. In these cases, drug release is not driven by Fickian diffusion but
delayed by the stability or affinity of the bond between drug and poly-
mer: higher the stability and slower the release kinetics. This approach
guarantees the controlled and sustained release of drugs/biomolecules
on one hand, but on the other hand, the chemical modification of active
principles may change their efficacy [19,21,22]. With the aim of
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avoiding the formation of covalent bonds between therapeutic com-
pounds and polymers, but taking advantages from the interactions
that could take place among solutes and polymers [15,17,23], we decid-
ed to consider electrostatic interactions.

In particular in this workwe synthesizedNGs based on polyethylene
glycol and polyethylenimine PEG-PEI, suitable for biomedical applica-
tions [24], with different protonation degrees. The colloidal dispersions
were characterized in terms of dimensions, polydispersity and ζ-poten-
tial and then loadedwith two different drugmimetics. The first onewas
sodium fluorescein (SF), a commonly used drug-mimeticmolecule [25–
27], chosen for its steric hindrance and its resemblance tomany cortico-
steroids and anti-inflammatory drugs (for example, methylpredniso-
lone, ibuprofen, and estradiol) used in pharmacotherapy. Moreover, SF
is a sodium salt like several drugs already listed and in water it is disso-
ciated into fluorescein anion and sodium cation [26]. The second one
was Rhodamine B (RhB), drug mimetic with the same dimension of
SF, in order to neglect the steric hindrance contribution in the experi-
ments [28,29]. RhB is a neutral molecule at pH = 7.4 and slightly posi-
tive at acid pH: this behavior can be found in several amine-based
drugs like lidocaine or trandolapril [30]. To validate and confirm the re-
sults collected with the charged drug we compared them with release
studies performed with rhodamine.

As a significant consequence of this study, it could be possible to
tune the delivery of charged therapeutic compounds from NGs, accord-
ing to specific pharmacological andmedical needs, tuning polymer pro-
tonation degrees. This strategy is able to guarantee suitable delivery
kinetics avoiding chemical modification of loaded drugs/biomolecules.
2. Materials and methods

2.1. Materials

All experiments were performed using the following polymers:
polyethyleneimine linear (MW = 2500 Da, by Polysciences Inc., War-
rington, USA) and polyethylene glycol 8000 (MW = 8000 Da, by
Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany); all other used
chemicals were purchased from Sigma-Aldrich (Sigma Aldrich Chemie
GmbH, Deisenhofen, Germany). The materials were used as received,
without further purification. Solvents were of analytical grade.
Synthetized products containing fluorescein sodium salt or rhodamine
B were stored at 4 °C in dark. The NMR experiments were carried out
on a Bruker AC (400 MHz) spectrometer using chloroform (CDCl3) as
solvent, and chemical shifts were reported as δ values in parts per mil-
lion with respect to TMS as internal standard.
2.2. Synthesis of NG-c+

Nanogels constituted by PEG and PEI with high cationic charge den-
sity, labelled as NG-c+, were synthetized referring to the modified
emulsification-evaporation method [31]. Briefly, PEG was activated
using 1,1′-carbonyldiimidazole (CDI) as discussed in our previous
work [24] and the modified polymer (200 mg, 0.025 mmol) was dis-
solved in CH2Cl2 (3ml). PEI (52mg, 0.021mmol) was added to distilled
water (5 ml), under stirring at 30 °C until complete dissolution. Then,
HCl 1Mwas added to adjust pH at 4.5. Successively, the organic solution
was poured dropwise to PEI solution under vigorous stirring and the
resultingmixture was sonicated for 30min and CH2Cl2 was evaporated.
The obtained solution was left stirring for 17 h at 25 °C and purified
performing a dialysis against aqueous solution at pH 4.5 (using a mem-
brane ofMw cutoff=3500Da), prepared fromdistilledwater (2000ml)
and HCl 37% w/w (0.72 ml). Finally, the resulting mixture was
lyophilized.

The productwas then characterized by 1HNMR analysis and nanogel
size and charge were investigated using DLS and AFM techniques.
2.3. Synthesis of NG-u

Nanogels synthetized by PEG and uncharged PEI, named NG-u, were
prepared following the procedure illustrated in the previous section,
using alkaline conditions both in nanostructure formation and dialysis,
instead of acidic ones. In summary, PEI (52 mg, 0.021 mmol) was dis-
solved in distilled water (5 ml) and the solution was carried to
pH 10.5 with NaOH 1 M. The organic solution of PEG bis-activated CDI
was added dropwise to PEI alkaline system and sonicated for 30 min.
Then the organic solvent was removed under reduced pressure and
the system left stirring for 17 h at 25 °C. The resulting solution was
dialysed against aqueous solution at pH 10.5, consisting of distilled
water (2000 ml) and NaOH 1 M (2 ml) and lyophilized. The system
was analyzed through 1H NMR spectroscopy, while DLS and AFM gave
information about size and ζ-potential of the nanogels NG-u.

2.4. Nanogel characterization

Thehydrodynamic diameters aswell as ζ-potentials and thepolydis-
persity index of nanogels NG-c+ andNG-uwere determined by dynam-
ic light scattering (DLS) measurements using a Zetasizer Nano ZS from
Malvern Instruments. The reported data are an average value of three
measurements of the same sample: for NG-c+, the sample was dis-
solved in acidic solution (pH = 4.5); whereas NG-u one was dissolved
in alkaline solution (pH = 10.5). Atomic force microscopy (AFM) anal-
ysis was performed using a NT-MDT Solver Pro instrument operating in
non-contact mode with silicon tips.

Samples were prepared by dropping nanogel latexes onto silicon
substrate and drying. AFM images on 1 × 1 μm areas were recorded
for the preliminary morphologic evaluation; 500 × 500 nm image
were then cropped and height line profile performed for single nano-
structure. The evaluation of the surface morphology and nanogel size
were obtained by flattening of the images (first order) using NTMDT
software.

2.5. Loading of nanogels with fluorescein and rhodamine B

Two drugmimetic solutionswere prepared dissolving, separately, SF
and RhB in distilled water (both solutions at concentration of 1 mg/ml).
Lyophilized nanogels NG-c+ and NG-u were independently suspended
in aqueous solution (20 mg/ml). Then, 1 ml of drug mimetic solution
was added dropwise (1 ml/min) to 1 ml of nanogel solution under stir-
ring and the system was left to stir for 17 h at 25 °C, in dark. Following
this procedure, we performed the loading of SF and RhB within the net-
work of each type of synthetized nanogel: fluorescein was entrapped
within NG-c+ and NG-u and, in the same manner, other samples of
NG-c+ and NG-u carried rhodamine. Successively, loaded nanogels
were dialyzed (membraneMw cutoff = 3500Da) against aqueous solu-
tion in order to remove free molecules. Loading efficiency (% loading)
was calculated referring to the equation:

% loading ¼ drug entrapped within NGs
initial amount loaded

� 100 ð1Þ

2.6. In vitro drug delivery

Drug release mechanism was investigated in two different release
environments: one at pH 7.4 using a phosphate buffered saline solution
(PBS), and the other at pH 4.5. In details, each nanogel sample was
placed in excess of PBS and in excess of acidic solution (2.5 ml) and al-
iquots (3× 100 μl)were collected at defined timepoints,while the sam-
ple volume was replaced by fresh solution, in order to avoid mass-
transfer equilibriumwith the surrounding release environment. The ex-
periments were performed at 37 °C. Percentages of released SF and RhB



Table 1
Size and charge of the synthetized nanogels measured with DLS.

Nanogel Diameter (nm) Polydispersity index (–) ζ-Potential (mV)

NG-c+ 220 0.270 17.00
NG-u 830 0.217 0.01
NG-p+ 448 0.306 18.10
were then measured by UV spectroscopy at a specific wavelength, re-
spectively λ = 485 nm and λ = 570 nm.

2.7. Synthesis of NG-p+

The study of counterion effect on NGs protonation was performed
through the synthesis of nanostructures in phosphoric acid media. Re-
ferring to Section 2.2, PEG activated CDIwas dissolved in CH2Cl2, where-
as PEI was dissolved in an aqueous solution at pH 4.5 prepared using
H3PO4 85% solution. Then the organic phase was added dropwise to
the aqueous one, sonicated and CH2Cl2 removed under vacuum. After
stirring for 17 h at room temperature, synthetized nanogels were
dialysed against aqueous H3PO4 solution at pH 4.5 and finally lyophi-
lized, as the NG-u and NG-c+ samples. The obtained nanosystems
were labelled as NG-p+, referring to the used phosphoric acid.

2.8. Statistical analysis

Where applicable, experimental data were analyzed using Analysis
of Variance (ANOVA). Statistical significance was set to p value b0.05.
Results are presented as mean value ± standard deviation.

3. Results and discussion

3.1. Chemical characterization

The presence of charged or ionizable groups on a polymer chain of-
fers the opportunity to control its physical properties such as solubility,
viscosity, tendency to adsorb surface components, cytotoxicity, biocom-
patibility and charge density by changes in external variables as pH or
ionic strength [32]. PEI high charge density is due to the protonation
of its amino groups in biological environments: a relationship between
the pH value of the solution and the polymer positive charges has been
evaluated, showing that the highest PEI protonation degree is at pH 4.5,
whereas it is effectively uncharged in alkaline condition (pH = 10.5)
[33–35]. In our procedure, PEI was first dissolved in acidic or basic solu-
tion to achieve the desired charge density, according to the experimen-
tal aims; therefore, the synthesis of NGs positively charged was
performed maintaining pH at 4.5 (strongly protonated PEI), while un-
charged NGs were produced at high pH value, in order to neutralize
the charge on PEI nitrogen atoms. The approach used to prepare the
nanostructures involved the cross-linking between activated PEG and
PEI in a dichloromethane-in-water emulsion [36]. After completion of
the polymeric conjugation, the organic solvent was removed and
nanogels were allowed to form and maturate in aqueous medium, at
acid or alkaline pH to preserve the electrostatic contribution of the re-
agent PEI within the network. The maturating phase is important to
guarantee the maximum efficiency of the cross-linking reaction,
which at high stages of conversion can be limited by the polymeric
chain entanglements during nanoparticle formation [37]. Then, the
crude suspension was purified by dialysis to remove by-products and
unreacted polymers and lyophilized to obtainwhite solidmaterial capa-
ble to be readily swelled and dispersed in aqueous solution.

From the 1H NMR spectroscopy, PEG chain peaks were identified in
the range 3.75–3.57 ppm and PEI signals could be recognized in the
range 2.95–1.85 ppm; while the signals found at 4.11 ppm and at
3.40 ppm correspond, respectively, to the two methylene protons of
PEG and PEI monomer forming the carbamate bond. This confirmed
that the cross-linking reaction occurred between the polymer chains.
We also observed that no signals shifts were detectable comparing the
NMR spectra of NG-c+ andNG-u samples: this suggested that the differ-
ent PEI protonation degree does not alter the characteristic signals of
products in 1H NMR analysis. The composition of nanogel was deter-
mined in terms of polymericmolar ratio, through estimation of the inte-
gral values of PEG and PEI characteristic peaks and resulting in a PEG:PEI
ratio equal to 2:1 for NG-c+ sample and 1:1.2 for NG-u system.
Therefore, we were able to synthetize a tool that could be modulated
in terms of electrostatic interaction against the specific nature of bio-
medical application, also resulting in a different chemical composition
of the network.

3.2. Physical characterization: nanogel size and charge

Nanogel size has a significant impact on active or passive cellular in-
ternalization and intracellular localization. Once they have entered into
a biological system, NGs come in contact with a huge variety of biomol-
ecules generating size- and charge-dependent interactions [38,39]. The
cytocompatibility and the therapeutic effects of these nanostructures
depend on the cellular membrane response toward their morphology
and their cationic or anionic nature. Dynamic light scattering (DLS) is
a commonly used technique to evaluate nanoparticle size in suspension.
The measured hydrodynamic diameter reflects the dimension of the
nanogel including a layer of surface-bond solvent. Sizes and charges of
synthetized NG-c+ and NG-u are reported in Table 1.

Diameter of NG-c+ nanogels was significantly smaller than NG-u
systems, characterized by size reaching the micron scale. Furthermore,
the first ones presented a positive surface charge, while the latter
could be considered as a neutral carrier. The difference in size could be
justified evaluating the corresponding ζ-potential: PEI high positive
charge density might affect nanogel formation. Its chains were able to
interact with each other in a repulsive way, preferring the reaction
with the uncharged PEG chains: in this way, the synthesis of smaller
nanosystems seemed to be encouraged than the formation of larger
structures occurring without preferential interactions among the end-
groups of the polymers. Indeed, NG-u were composed by polymers
with protonation degree equal to zero and the cross-linking between
PEI and PEG, performed at alkaline condition, was not influenced by
electrostatic interactions. This probably gave rise to larger nanostruc-
tures where the diameter was the optimal distance of steric hindrance
between the reactive polymer chains. Morphology and size distribution
was also quantified by using atomic forcemicroscopy (AFM), as showed
in Fig. 1. All the samples showed spherical morphology with a smooth
surface and diameter of about 180 nm for NG-c+ and 500 nm for NG-
u. Nanogel sizes observed by AFM were less than those measured
using DLS. This variation between AFM and DLS measurements is due
to the difference in the sample processing [20,24,40]. In DLS, particle
size analysis recorded the hydrodynamic diameter, and so the slight in-
crease in size observed is due to the swelling of the nanogels. The latter
could not evaluate in AFM data. In addition, this problem was not pres-
ent with hydrophobic polymeric nanoparticles synthesized by our
group and presented in previous work [41]. In that case, the complete
accordance between AFM and DLS was due to the fact that in that sys-
tem, the swelling phenomenonwas negligible. Referring to the physical
characterization, the dimensional difference between NG-c+ and NG-u
could affect the aim of the final application, in particular the cellular up-
take efficiency and kinetic, and the internalization mechanism.

NG-c+ samples, according to their size of 180 nm, could be suitable
for active or passive cellular internalization, also carrying drugs through
the cell membrane and allowing a therapeutic subcellular distribution;
otherwise, the uptake of NG-u appeared as more difficult (500 nm)
and, in this case, the use of this type of nanogel could be appropriate
to maintain the loaded biomolecules into the extracellular media,
avoiding any interactions with cell membrane receptors and showing
the curative effects outside the cells.



Fig. 1. AFM images of nanogels prepared with different protonation degree: (A) NG-c+, (B) NG-u.

Fig. 2. (A)NG-c+, presenting a positive charge, is able to attract and retain negatively charged drugs (yellowdots, SF)while is not able to retain neutralmolecules (pink dots, RhB). (B) NG-
u cannot interact with drugs (either charged or neutral) and so their release is not influenced by polymer-drug interactions. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)



3.3. Tuning drug loading and release bymodifying electrostatic interactions

We tested the release of an ionic (SF) and a neutral (RhB) drug mi-
metic from NG-c+ and NG-u delivery systems. Fig. 2 shows a schematic
representation of the drug behavior within these polymericmatrices: as
explained above, NG-c+ presents high protonation degree (Table 1) and
so it is able to retain negatively charged drugs through electrostatic in-
teractions, which do not take place in the case of neutral drugs (Fig. 2A).
Otherwise, in the case of NG-u, there are no interactions between the
polymeric matrix and drugs loaded within the colloidal dispersion, so
they can easily escape driven by diffusion phenomena (Fig. 2B).

The loading percentage of different amounts of drug was checked in
order to evaluate the ability of electrostatic interaction between drug
and polymers. Table 2 shows the results of drug loading conducted at
37 °C in two different media: aqueous solutions at pH 7.4 and pH 4.5.

While pH 7.4 represents the condition that mimic the classic in vivo
environment, specific attention is directed toward acidic pH which is
typical of some diseases like cancer [42], in order to develop pH-sensi-
tive release systems [43,44]. At pH = 7.4 SF loading is higher for NG-
c+ respect to NG-u. This is due to the fact that the loading percentage
is influenced by the protonation degree of NGs, induced in their forma-
tion: higher protonation allows the retention of a higher amount of neg-
atively charged drug. This assessment is confirmed by the result
recorded using the uncharged drug mimetic (RhB): in this case loading
percentage is not influenced by protonation degree because no interac-
tions between drug and polymer chains can occur. At pH= 4.5 the pro-
tonation of NG-c+ is higher and so the amount of loaded drug is higher
than the physiological condition, while NG-u system maintains the
same value of entrapped SF. On the contrary, the loading of RhB is ex-
tremely low in respect to the case of pH = 7.4: a possible explanation
is related to the chemical nature of RhB, which presents a slightly posi-
tive charge in acid environment that works as drug-polymer repulsion
and therefore the amount of drug that can be loaded decreases.

Once havingproved that theNGs systems are able to entrap different
types of drugs and evaluated their release profiles, it is necessary to in-
vestigate the benefits related to the use of protonated drug delivery sys-
tems. SF was chosen for its steric hindrance and its resemblance to
many corticosteroids and anti-inflammatory drugs (such as methyl-
prednisolone, ibuprofen, and estradiol) used in pharmacotherapy.
Moreover, SF is a sodium salt like several other drugs and in water it is
dissociated in fluorescein anion and sodium cation. RhB is another com-
monly used drugmimeticwith the samedimension in order tomaintain
the same steric hindrance contribution. The latter is a neutral molecule
at pH= 7.4 and slightly positive at acid pH: this behavior can be found
in several amine-based drugs like lidocaine or trandolapril [30].

The use of these two drugmimetics is also justified by their character-
istic functional groups traceable inmany drugs containing free carboxylic
acid or carbonyl groups, commonly exploited in pharmacotherapy, for
example, to hinder SCI secondary effects, CNS damage or cancer side ef-
fects [45–48]. SF and RhB, due to the similar steric hindrance, allowed
neglecting their dimension effect in order to consider only the role of
drug charge contribution.

The percentage of released drug was defined as the ratio between
the released amount in the aqueous media and the total amount loaded
within the colloidal dispersion.
Table 2
Loading percentages of SF and RhB for NG-c+, NG-u and NG-p+ at different pH.

Nanogel

pH = 7.4 pH = 4.5

Loading
procedure SF
[%]

Loading
procedure RhB
[%]

Loading
procedure SF
[%]

Loading
procedure RhB
[%]

NG-c+ 71.8 54.8 78.9 19.7
NG-u 54.3 55.1 55.6 19.9
NG-p+ 64.4 54.7 31.8 19.6
In Fig. 3A, SF release profiles from NG-c+ (blue) and NG-u (black) at
pH 7.4, are presented. In both cases SF release followed a biphasic pat-
tern characterized by an initial burst release followed by a slower
sustained release phase that was observed during 15 days. Referring
to NG-c+ nanogels, the electrostatic interactions are able to reduce re-
lease rates providing a longer release. Then, to study differences in the
diffusion coefficient of SF through NGs we plotted the release against
the time to the power of 0.43 (t1/2.3, in Fig. 3C), where a linear relation-
ship is indicative of Fickian diffusion. By comparing the slopes in the lin-
ear region for NG-c+ and NG-u it is visible that the relative diffusion
coefficient is extremely different for the two cases (p b 0.0001). For
NG-u the data fit linearly for 24 h of release, while for NG-c+, it fit for
5 days. These results confirm that the release from NGs is still mediated
by Fickian diffusion and release fromNG-c+ is better sustained and con-
trolled than uncharged colloidal dispersion. Moreover, the introduction
of high protonation degree allows reducing the burst release from 48%
to 28%. The high efficacy of this system is well visible only for charged
molecules; indeed, if we consider uncharged drug mimetics (Fig. 3B,
D) there are no differences in terms of: drug delivery kinetics, burst re-
lease (around 45%) and duration of pure-Fickian diffusion release. These
results prove that the higher slowing down of release rates in case of SF
is driven by electrostatic interactions between drugmolecules andpoly-
meric chains.

Fig. 4A shows the release profiles of SF in NG-c+ (blue) and NG-u
(black) at pH 4.5. Also in this case SF release followed a biphasic pattern
with an initial burst release and then a slower sustained release phase
that was observed during 15 days.

In the case of NG-c+ the electrostatic interactions are able to reduce
release rates providing a longer release. In respect to the case plotted in
Fig. 3A, at pH=4.5 SF is characterized by aweaker negative charge than
the ionic species presented in the media (H+ and Cl−) and it so able to
escape very quickly from NGs network. On the contrary, in presence of
high protonation the higher charge of the polymeric chains counterbal-
ances the weaker charge of SF and the system is able to reduce the re-
lease rate. It is indeed well visible that kinetics obtained with NG-c+

at pH 4.5 is similar to the one measured at pH 7.4. Also burst contribu-
tion seems to be independent on the pH of the environment. Then, the
differences in the diffusion coefficient of SF through NGs are showed
plotting the release against the time to the power of 0.43 (t1/2.3, in Fig.
4C). For NG-u the data fit linearly for 4 h of release, while for NG-c+, it
fit for all the period investigated. These results confirm that the release
from NGs is still mediated by Fickian diffusion and, in particular, the re-
lease from NG-c+ is better modulated than the uncharged colloidal dis-
persion suggesting that this system works very well in acid condition
where there is a strong need of selective and controlled drug release
[2,43].

As discussed in pH 7.4 environment, also in this condition NG-c+

system presents high efficacy only for charged molecules. Referring to
the release of rhodamine, at pH = 4.5 the weak positive charge of RhB
works on the opposite way and forces the solute to escape very quickly
due to the repulsive forces between loaded drug and polymeric chains.
The release of RhB from both NG-u and NG-c+ is almost completed in
4 h with a burst contribution higher than 50%.

3.4. Tuning drug loading and release by tuning counterion

In order to investigate the role of counterion we compared results
obtained using hydrochloric acid (NG-c+) presented in Figs. 3 and 4
with the ones obtainedwith phosphoric acid (NG-p+). H3PO4 is aweak-
er acid and its presence could influence the colloidal dimension, drug
loading anddrug release rate of charged solutes (such as SF). Nanostruc-
tures synthetized using H3PO4 were characterized by a diameter of
448 nm and a positive surface density charge, similar to NG-c+ sample
as reported in Table 1. These results could be explained considering
the strength of the acid: H3PO4 is a weak acid and its partial dissociation
gave rise to the protonation of PEI in a similar manner to HCl, justifying



Fig. 3. (A, B) In vitro release profile of SF (◆) and RhB (▲) at pH=7.4 delivered fromNG-c+ (blue) andNG-u (black); (C, D) the slope of the SF (◆) and RhB (▲) release at pH=7.4 from
NG-c+ (blue) and NG-u (black) against the variable time expressed as t1/2.3 is representative of the Fickian diffusion coefficient of drugs in NGs (p b 0.0001 between all of the groups). The
diffusion-controlled release is sustained better inNGs loadedwith negatively charged drugs. The values are calculated as a percentagewith respect to the totalmass loaded (mean value±
standard deviation is plotted). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
thepositive value of ζ-potential. The resultingdifferent intensity of elec-
trostatic interactions, lower than PEI chains in NG-c+ system, enabled
the formation of polymeric network with intermediate size between
NG-c+ and NG-u.

At pH = 7.4 the loading percentage of SF is 64.4%, lower than value
observed for NG-c+ but higher than NG-u (Table 2): this could be ex-
plained considering the weaker electrostatic interaction between drug
andpolymeric chains that occurs inNG-p+. At pH=4.5 the loadingper-
centage is approximately equal to 31.8%. This value, lower than NG-c+

and NG-u, could be explained considering the weakness of the
Fig. 4. (A, B) In vitro release profile of SF (◆) and RhB (▲) at pH=4.5 delivered fromNG-c+ (bl
NG-c+ (blue) and NG-u (black) against the variable time expressed as t1/2.3 is representative of
values are calculated as a percentagewith respect to the total mass loaded (mean value± stand
the reader is referred to the web version of this article.)
conjugated base and that, as consequence, SF is more favored to stay
outside from the NGs network. In Fig. 5A, SF release profiles at pH 7.4
from NG-c+ (blue) and NG-p+ (red) are presented. In both cases SF re-
lease followed a biphasic pattern characterized by an initial burst re-
lease and a subsequent slower sustained release phase that was
observed during 15 days. Also in the case of NG-p+, electrostatic inter-
actions are able to reduce release rates proving a longer release, compa-
rable with the ones obtained with NG-c+.

The linear relationship (Fig. 5C), typical of Fickiandiffusion, is similar
between the two case underlining that the counterion does not
ue) andNG-u (black); (C, D) the slope of the SF (◆) and RhB (▲) release at pH=4.5 from
the Fickian diffusion coefficient of drugs in NGs (p b 0.0001 between all of the groups). The
ard deviation is plotted). (For interpretation of the references to color in this figure legend,



Fig. 5. (A, B) In vitro release profile of SF (◆) at pH= 7.4 (A) and pH= 4.5 (B) delivered from NG-c+ (blue) and NG-p+ (red); (C, D) the slope of the SF (◆) release at pH= 7.4 (C) and
pH=4.5 (D) fromNG-c+ (blue) and NG-p+ (red) against the square root time is representative of the Fickian diffusion coefficient of drugs in NGs (p b 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). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
influence very much the release performance of this system. However
significant variations appear at pH = 4.5 where a quicker release
could be obtained using H3PO4 (Fig. 5B, NG-p+) instead of HCl (NG-c+).

A possible explanation lies in the different nature of counterion
interacting with the sodium salt form of fluorescein: the interaction
among Cl− and Na+ is extremely reactive and the anionic form of SF
rapidly enters in contact with the protonated component of the
nanogel, remaining stably grafted to the polymer network in an electro-
static way, both at pH 7.4 and 4.5, in release media as discussed in
Section 3.3. Otherwise, the main form of H3PO4 counterion presented
at acid pH isH2PO4− [49,50],which isweaker thanCl−. The complex be-
tween Na+ cation and H2PO4− anion is able to form, but it is less stable
and requiresmuchmore time. The presence in the release acidmedia of
higher amounts of H2PO4− than within NG-p+ network, probably gen-
erates a driving electrostatic interaction force of Na+ cations outward
the nanogel, that maintains their ionic linkage with fluorescein, due to
the reduced reactivitywith limited amount of counterion H2PO4− avail-
ablewithin the nanogel, and this results as quicker diffusion of SF and its
fast release in an acid environment. Indeed, SF release seems to be com-
pleted within 24 h in case of NG-p+, whereas NG-c+ sample shows that
only 35% of drug mimetic escaped from the polymeric network in the
same period of time (Fig. 5B).

4. Conclusions

Control over the release rate is essential for the success of sustained
drug delivery devices.Moreover, the possibility to provide systemswith
the same composition but able to increase or reduce release rates, is a
pivotal point in biomedical field. We hypothesized that the tuning of
electrostatic interactions between drugs and polymer chains could be
very efficient for this purpose. In this direction we synthesized NGs
based on PEG-PEI, suitable for biomedical applications, with different
protonation degrees andwe studied release performanceswith charged
(SF) and uncharged (RhB) drug mimetics. Electrostatic interactions are
able to limit drugdiffusion during timeboth at pH=7.4 and in acid con-
dition (pH = 4.5) typical of cancer environment. In addition, also the
role of counter ion was investigated and taken into account in order to
have a finer tunability of our formulation. The absence of covalent
bonds between loaded drugs and polymers is the key point of this ap-
proach that can reduce or increase Fickian flow without any conforma-
tional modification of the loaded solute (drug). Thus, such formulated
colloids can be profitably adopted when active agents should be
released with independent kinetics.
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