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ARTICLE INFO ABSTRACT

Keywords: Polymer and nanoparticles (NPs) together are able to form nanocomposite materials that combine the beneficial
Colloids properties of the traditional single systems. In this work, we propose a stimuli-responsive nanocomposite system
Drug delivery which combines pH-responsive NPs with cellulose. Ring opening polymerization (ROP) followed by two
gglr; (:)::Sndes reversible addition-fragmentation chain transfer (RAFT) polymerization steps were performed to synthetize

((PHEMA-graft-LA;2)-co-PMAA)-b-PDEGMA copolymer characterized by tailored molecular weights and low
polydispersity values. Uniform NPs were obtained by nanoprecipitation of the so-obtained copolymer in water.
Moreover, drug release studies (using rhodamine b, fluorescein isothiocyanate, pyrene and 5-fluorouracil) at
different pHs demonstrated the pH-responsivity of NPs, revealing a significant improvement of hydrophobic
molecules release at acidic conditions. In vitro tests verified the biocompatibility of NPs and the efficacy in
decreasing cancer cell viability. Finally, NPs were loaded into hydroxypropylmethyl-cellulose-C;2 matrix to
obtain the final polymer-NPs composite system. The composite systems showed the ability to sustain the release
of low steric hindrance drugs loaded with NPs and high steric hindrance ones loaded within the polymeric
network. Overall, the proposed pH-responsive drug delivery system represents a co-delivery device which could
be applied for localized treatment in different combined therapeutic program.

pH-responsive

1. Introduction properties [11,12]. Its use in commercial pharmaceutical products is

already implemented in coating of oral drug delivery systems, and only

The last decades have witnessed an increasing development of drug
delivery systems (DDS), with hydrogels representing one of the most
relevant material classes [1-4]. Particularly interesting are those
hydrogels able to undergo sol-gel transition upon injection [5,6] and
provide localized drug delivery [7,8]. Thanks to its high swelling ability
and gelation properties, hydroxypropyl methylcellulose (HPMC) has
revealed as one of the most suitable materials for drug delivery purpose
[9,10]. It is a cellulose derivative obtained from substitution of hydroxyl
groups with alkyl or hydroxyalkyl groups to increase its solubility in
water. It is considered as a low cost and ageless renewable green ma-
terial with high biocompatibility, biodegradability and non-toxic
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recently its study has spread in hydrogel field for drug release purposes
[13-15]. However, the high hydrophilicity of hydrogels limits the
release of soluble therapeutics such as proteins, antibodies and soluble
compounds, while preventing an effective loading of hydrophobic and
low steric hindrance drugs, which are commonly used to treat many
diseases [16-19]. For this class of molecules, one of the most widely
explored DDS is represented by polymer nanoparticles (NPs) [20-23].
These nanosystems comprise a hydrophobic microenvironment suitable
for drug loading and a stabilizing hydrophilic external corona that can
provide high colloidal stability, protecting drugs from degradability, low
solubility, fast clearance and immune response [24-26]. The recent
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advent of stimuli-responsive NPs greatly expanded their applications,
paving the way to the release of active principles only when specific
external conditions occur [27,28]. In particular, pH-responsive nano-
particles could be highly effective in specific sites of the body where
acidic or alkaline environments are present [29]. Despite these
appealing advantages, a major limit of NPs is their poor accumulation in
the target area, which can induce side effects in healthy highly vascu-
larized tissues and organs [30,31]. In this context, nanocomposite sys-
tems represents a promising strategy to tackle the limitations associated
to each single system [32,33].

During the last years, nanocomposite HPMC-hydrogels based on
nanoparticles loaded into HPMC matrix have gained high attraction in
biomedical application area [34-37]. Several works from Appel and
coworkers are related to the use of organic NPs for the development of
nanocomposite HPMC-hydrogels, also called as polymer-nanoparticle
hydrogels [38,39]. Their studies focused on the improvement of me-
chanical properties of cellulose-based hydrogels by the use of polylactic
acid-polyethylene glycol (PLA-PEG) NPs [40] [41]. Despite the potential
ability of these systems in achieving a controlled drug release both from
organic NPs and hydrogel, few formulations were tested to study the co-
delivery mechanism [42,43]. In particular, release rate of low molecular
weight molecule (4 kDa) was measured from NPs and polymer, and the
difference in kinetic release was considered useful for therapeutic timing
to treat different stages of disease and enhance the final therapeutic
effect [43]. In an other work [42], sustained codelivery of low and high
molecular weight therapeutic molecules was achieved by linking the low
molecular weight molecule (adjuvant (TLR7/8a)) to NPs in order to
increase the molecular size and decrease the release rate. The codelivery
of high and low steric hindrance molecules is becoming an important
factor and its efficacy is confirmed by several phase 3 clinical trials done
in the last 5 years, which prove an improved progression-free survival in
patients treated with antibody plus chemotherapy than only chemo-
therapy [44-52]. In this work we showcase a new pH-responsive
nanocomposite system with the aim of providing localized drug
release of low and high steric hindrance drugs from NPs and polymer
network. Indeed, we improved the available systems introducing uni-
form and reproducible NPs, synthetized by controlled polymerization
technique and characterized by pH-responsive property. This charac-
teristic add a further degree of control in drug release, exploiting natural
gradients of pH observed in living organisms. In particular, the synthesis
of homogeneous pH-responsive ((polyhydroxyethyl methacrylate-graft-
lactic acid;2)-co-polymethacrylic acid)-b-polydi(ethylene glycol) methyl
ether methacrylate ((PHEMA-graft-LA13)-co-PMAA)-b-PDEGMA).

NPs was achieved by a ring opening polymerization (ROP) of D,1-
Lactide followed by two consecutive reversible addition-fragmentation
chain transfer (RAFT) polymerization steps forming the first and sec-
ond blocks. The reproducibility and control over polymerization were
assessed by proton nuclear magnetic resonance spectroscopy (*H NMR)
analysis and size-exclusion chromatography. After nanoparticles for-
mation by polymer nanoprecipitation, NPs properties and pH-
responsivity were analysed by DLS, TEM and UV analyses. Mimetic
drugs and 5-fluorouracil (5-Fu) release tests were evaluated at different
pH values, and in-vitro biocompatibility and cytotoxicity experiments
were performed. Following the HPMC-C;, synthesis reported by Appel
and coworkers [40] and taking their HPMC-C; 2 hydrogel as model, we
created 5 % or 10 % w/w HMPC-Cy, polymer-nanoparticle systems
characterized by pH-responsivity and well distributed uniform NPs.
Rheological properties were evaluated and release kinetics of a mimetic
protein was measured over time to simulate the release of high steric
hindrance molecules from the polymer network. Hence, the present
system exploit the possibility of delivering molecules with different
hydrophilicity and molecular weights in localized tissue to respond to
the future demands of DDS which involve the use of different drugs and
therapeutic molecules at the same time, such as small molecules drugs
and monoclonal antibodies, recently studied in clinical trials for
particular therapeutic treatments [53-55].
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2. Experimental section
2.1. Materials

D,i-Lactide (99 % purity, Merck, Darmstadt, Germany); stannous
octoate (Sn(Oct)y, 92.5-100 % purity, Merck); toluene (Merck); meth-
acrylic acid (MAA, 99 % purity, Merck); 2,2-azobis(2-methylpropioni-
trile) (AIBN, 98 % purity, Merck); acetone (Merck); dimethyl
sulfoxide-dg (DMSO-dg, Fluorochem, Hadfield, UK); 2-hydroxyethyl
methacrylate (HEMA, >99 % purity, Merck); 4-cyano-4-[(dodecylsulfa-
nylthiocarbonyl)sulfany]pentanoic acid (CTA, 97 % purity, Merck);
Dulbecco’s phosphate buffered saline (PBS, Merck); acetonitrile (ACN,
Merck); tetrahydrofuran (THF; Merck); di(ethylene glycol) methyl ether
methacrylate (EGaoMA, 95 % purity, Merck); 1-dodecylisocyanate (99 %
purity, Merck); triethylamine (Merck); N-methyl pyrrolidone (99 %
purity, Merck); hydroxypropylmethyl cellulose (HPMC, Merck); 5-fluo-
rouracil (5-FU, >99 % purity, Merck); fluorescein isothiocyanate iso-
mer I (FITC, >90 % purity, Merck); fluorescein isothiocyanate-dextran
(FITC-DEX, Merck); phosphoric acid (H3PO4, Merck); hydrochloric
acid (HCl, Merck); sodium chloride (NaCl, Merck) were of analytical
grade purity and used as received unless otherwise noted.

2.2. Synthesis of HEMA-LA;2 macromonomer

A macromonomer based on PLA was synthesized via ring opening
polymerization initiated by HEMA. In particular, Sn(Oct), (0.014 g,
0.035 mmol) and D,1-Lactide (6 g, 41.63 mmol) were dissolved in 60 mL
of toluene under stirring. HEMA (0.892 g, 6.94 mmol) was added to the
reaction and the mixture was heated to 130 °C under constant magnetic
stirring for 4 h. At the end of reaction toluene was removed under
vacuum and no further purification was needed due to the high mono-
mer conversion. The theoretical degree of polymerization (DP) was 12.
Monomer conversion calculated by NMR analysis and GPC analysis was
used to estimate the final molecular weight. The details on the charac-
terization techniques are reported in Section 2.8.

2.3. Synthesis of (PHEMA-graft-PLA)-co-PMAA

Statistical copolymers of the HEMA-LA;; macromonomer and
methacrylic acid were synthesized via RAFT polymerization in her-
metically sealed pyrex vials (10 mL). The previously synthetized mac-
romonomer (1.599 g, 1.656 mmol), MAA (0.145 g, 1.656 mmol), CTA
(0.028 g, 0.069 mmol) and AIBN (0.00378 g, 0.023 mmol) were dis-
solved in acetonitrile (5 mL) under constant stirring. The solution was
purged by bubbling nitrogen for 30 min and heated to 70 °C. The re-
action continued under constant magnetic stirring for 24 h. Samples
were taken at 1, 2, 4 and 24 h from the reaction to evaluate the monomer
conversion by NMR analysis. GPC analysis was conducted at the end of
polymerization to determine the final molecular weight distribution.

2.4. Synthesis of ((PHEMA-graft-LA12)-co-PMAA)-b-PDEGMA

The statistical (PHEMA-graft-LA;5)-co-PMAA macromolecular chain
transfer agent was chain-extended with EGoMA to obtain block co-
polymers. The RAFT polymerization was performed in hermetically
sealed pyrex vials (10 mL). The obtained macro-CTA (PHEMA-graft-
LAj5)-co-PMAA (0.028 g, 0.069 mmol), EGoMA (0.632 g, 3.45 mmol)
and AIBN (0.00378 g, 0.023 mg) were dissolved in 5 mL of acetonitrile
under constant magnetic stirring. The solution was purged by bubbling
nitrogen for 30 min and heated to 70 °C. The reaction continued under
constant magnetic stirring for 24 h. For each reaction, samples were
taken at different time points in order to track monomer conversion
during time by NMR analysis. GPC analysis was performed at the end of
the reaction to calculate the final molecular weight distribution of the
polymer.
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2.5. HPMC-Cy, functionalization

HPMC functionalization with alkyl chains of twelve carbons was
performed according to the procedure disclosed by Appel and coworkers
[39,40].

HPMC (1 g, 0.01 mmol) was dissolved in N-methylpyrrolidone (45
mL) under constant stirring for 1 h at 80 °C. After HPMC was completely
dissolved, the mixture was cooled to room temperature. A mixture of 1-
dodecyl isothiocyanate (0.120 mL), triethylamine (2 drops) and N-
methylpyrrolidone (5 mL) was added to the reaction. The reaction
proceeded at room temperature under constant stirring for 16 h. The
product was precipitated in acetone and filtrated. Finally, the func-
tionalized HPMC was dissolved in water and dialyzed against distilled
water for 48 h before lyophilization.

2.6. Nanoparticles production and characterization

NPs were produced via nanoprecipitation from the block copolymers
((PHEMA-graft-LA13)-co-PMAA)-b-PDEGMA. In particular, 50 mg of
polymer were dissolved in 1 mL of acetonitrile, and the solution was
added with a 20-200 pL pipette dropwise to distilled water (10 mL)
maintained under magnetic stirring at 600 rpm in a 25 mL glass vial.
After nanoprecipitation, the nanoparticle suspension was kept under
stirring for at least 30 min.

2.7. Drug loading and release from nanoparticles

NPs were loaded with molecules characterized by different hydro-
philicity to study their effect on drug release [56]. In particular,
rhodamineB/FITC/pyrene/5-FU-loaded NPs were produced by using the
same procedure as reported in Section 2.6, with the addition of rhoda-
mine B, FITC, pyrene or 5-FU to acetonitrile at 2 mg/mL concentration.
3 mL of NP solution were dialyzed by using 3.5 kDa cellulose membranes
against 40 mL PBS for 30 min under magnetic stirring. After that the PBS
was totally removed to calculate the encapsulation efficacy and the drug
loading, as follows (Egs. (1) and (2)):

OGRS — (1 _g_) «100 &)
0
%DL = <&> «100 @)
Meg + My

where %Eff is the encapsulation efficiency, Cy is the drug concentration
at the initial time and C, is the concentration of drug recovered in the
external medium. In the Eq. (2), %DL refers to the drug loading, m.4 to
the mass of encapsulated drug and m, to the mass of polymer. After the
washing step, 40 mL of fresh PBS or 0.01 M phosphate buffer at pH = 2
were replaced, and the systems kept at 37 °C to study the drug release at
different pHs. For each release system, 2 mL of external medium were
withdrawn at different time intervals and replaced with fresh solution to
maintain the external volume constant. The samples containing the 5-FU
were analysed by high-performance liquid chromatography (HPLC)
with UV detection. Analyses were conducted using a Roc C18 5 pm 250
x 4.6 mm column and a mobile phase composed by 1.2 % v/v acetic
acid, 58.8 % v/v distilled water and 40 % v/v acetonitrile with a flow
rate of 1 mL/min and 10 min run time. The samples containing rhoda-
mine B, pyrene or FITC were analysed by UV-Vis analyses performed on
a Jasco V-630 spectrophotometer. The absorbance was measured at 430
nm and 490 nm for FITC dissolved in acidic (pH = 2) or neutral (pH = 7)
phosphate buffer, respectively. The absorbance was measured at 335 nm
and 540 nm for pyrene and rhodamine B, respectively.

2.8. Characterization of polymers and NPs

Polymer composition and monomer conversion were characterized
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by 'H NMR analyses, performed by dissolving 20 mg sample in 0.6 mL of
DMSO-d¢. The analysis was performed on a 400 MHz apparatus
(Bruker), with 128 scans per sample. Molecular weight distribution of
polymers was measured by GPC size exclusion chromatography (SEC)
performed using THF as eluent with a flow rate of 1 mL/min at a tem-
perature of 35 °C. Samples of polymer were dried under vacuum and
dissolved in THF to obtain a final concentration of 4 mg/mL and filtrated
with PTFE 0.45 pm filter before the analysis.

The instrument (Jasco 2000 series) was equipped with a differential
refractive index (RI) detector and three PL gel columns (Polymer labo-
ratories Ltd., UK; two columns had pore sizes of the MXC type and one
was an oligopore; 300 mm length and 7.5 mm ID) and a precolumn. A
calibration with polystyrene (PS) standards from 580 Da to 3,250,000
Da (Polymer Laboratories) was performed. The particle size distribution
and pH-responsivity of NPs were studied by dynamic light scattering
(DLS) using a Malvern Zetasizer Nano ZS at a scattering angle of 173°
(backscatter). Measurements of the hydrodynamic diameters were per-
formed at different pH water-solutions from 1 to 14. Three measure-
ments were conducted with an equilibration time of 120 s before data
recording. The size and morphology of produced NPs were also
confirmed by TEM (using an EFTEM Leo 912AB, at 80 kV, by Karl Zeiss,
Jena, Germany). Samples were prepared by placing a 5 mL drop of NP
dispersion on a Formvar/carbon-coated copper grid and dried over-
night. Digital images were acquired by using a charge- coupled device
(CCD; Esi Vision Proscan camera). Optical transmittance measurements
of NPs in water solutions at different pH conditions were performed by
Jasco V-630 UV-vis spectrophotometer. Transmittance of nanoparticle
suspensions were measured at 500 nm. Critical micellar concentration
(CMC) was measured by Jasco FP8500 spectrofluorometer. In partic-
ular, a specific amount of pyrene dissolved into acetone was inserted to
different glass vials and acetone was let to evaporated. Different con-
centrations of aqueous polymer solutions from 5000 mg/L to 0.001 mg/
L were added to the vials reaching a final pyrene concentration of 6 x
1077 M in each vial. Vials were stored in the dark for 24 h before the
spectrofluorimetric analysis. Excitation was carried out at 335 nm and
emission spectra was recorded between 350 and 450 nm. Band widths
were set at 5 and 2 nm for excitation and emission, respectively. In-
tensity ratio (I3/I;) of the third band (384 nm, Is) to the first band (373
nm, I;) of the pyrene emission spectra was used to characterize the
polarity of environment [57].

2.9. Cell metabolic activity

HelLa cells, derived from human epithelial cervical carcinoma, were
cultured in Dulbecco’s modified Eagle’s medium-high glucose (DMEM,
high glucose) supplemented with 10 % fetal bovine serum (FBS), 1 %
penicillin-streptomycin, and 1 % L-glutamine. Cells were maintained in a
humidified incubator at 37 °C with 5 % CO». The metabolic activity of
the cells was assessed using the MTT assay (Merck, Germany) after NP
administration. HeLa cells were seeded at a density of 5 x 10> cells per
well in a 96-well plate and cultured in a humidified atmosphere (5 %
CO») at 37 °C in complete medium for 24 h. For the biocompatibility test
cells were then administered with different concentrations of NPs for 24
h. After incubation with the NPs, the culture medium was replenished
with 100 pL of MTT solution (0.5 mg/mL) in complete medium and
incubated for 3 h at 37 °C. The solution was carefully removed, and 100
pL of DMSO were added to each well to solubilize the resulting formazan
crystals. Finally, the absorbance of the resulting solutions was measured
spectrophotometrically (570 nm). Absorbance values were normalized
to those of untreated cells, which represent the negative control group.
For the cytotoxicity test, HeLa cells were then divided into four groups:
one treated with a negative control, one treated with 5-FU at a con-
centration of 2.6 pg/mL, one treated with NPs at a concentration of 0.1
mg/mL, and one treated with the drug encapsulated in the NPs [58].
Pristine NPs, free 5-Fu and untreated cells were utilized as control
groups for the designed experimental setup. For each experimental set,
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three multiwell plate were used to assess cell viability at 24, 48, and 72
h. For each time, the MTT solution was carefully removed, and 100 pL of
DMSO was added to each well to solubilize the resulting formazan
crystal. The absorbance was analysed spectrophotometrically at 570 nm.
The percentage values of triplicate, expressed as mean + standard de-
viation, are reported with respect to untreated cells, which represent the
negative control group.

2.10. HPMC-C;z-based systems production

HPMC-C;7 5 wt% and HPMC-C; 5 10 wt% formulations were obtained
by mixing the lyophilized HPMC-C;2 with PBS in a 25 mL glass vial
under shaking (Heidolph Instruments, Schwabach, Germany) at 1000
rpm for 48 h. NP-loaded materials were produced in the same way by
using NP suspensions at different concentrations instead of PBS in order
to obtain a HPMC-C;2:NPs (wt%) of 1:2 and 1:4 for the HPMC-C15 5 wt%
and 1:1 for the HPMC-Cy5 10 wt%.

2.11. FITC-DEX loading and release from composite systems

Preliminary tests of FITC-DEX loading and release were performed
using HPMC-C15 5 wt% and HPMC-C;5 10 wt% formulations without
NPs (HPMC-C;2:NPs wt% of 1:0). The same procedure described in the
previous section was adopted to form the final polymer network, buta 1
mg/mL FITC-DEX solution in PBS was used. First, 20 mL of PBS were
added above the system and removed after 30 min in order to calculate
the encapsulation efficiency of polymer networks, as reported above.
Then 20 mL of fresh PBS were added, and 1 mL of supernatant was
withdrawn at different time intervals and replaced with fresh PBS to
study the release profile. Concentration of FITC-DEX in each sample was
analysed by measuring the absorbance at 495 nm (BioTek Synergy™ H1
multi-mode microplate reader) against a calibration curve.

c
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2.12. Characterization of composite systems

Functionalization of HPMC into HPMC-C;5 was evaluated by ATR-
FTIR spectroscopy using a Varian 640-IR spectrometer equipped with
a single bounce ZnSe ATR accessory on lyophilized HPMC-C; 5. Oscilla-
tory rheological measurements were performed to study the rheological
properties of systems. The equipment used was an Anton Paar MCR502
with PP25/P2 plates and a Peltier H-PTD 200 temperature-controlled
plate and hood. Shear strain amplitude sweeps were carried out at
shear strain amplitudes ranging from 0.1 to 1000 % and at the constant
angular frequency of 10 rad/s.

Frequency sweep tests were carried out at an angular frequency
ranging from 1 to 300 rad/s and at the constant shear strain of 0.01 %;
temperature was 25 °C and 37 °C. Polymer network surface morphology
was evaluated using Extended pressure SEM (Zeiss EVO 50 EP). Systems
were freeze-dried by VirTis BenchTop Pro with Omnitronics (SP Scien-
tific) at —20 °C for 24 h and coated with gold (Edwards S150B Sputter
coater).

2.13. Statistical analysis

The experimental data were analysed 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. ((PHEMA-graft-LA12)-co-PMAA)-b-PDEGMA synthesis and
characterization

((PHEMA-graft-LA13)-co-PMAA)-b-PDEGMA copolymer was synthe-
sized via a combination of ROP and RAFT polymerization, as schemat-
ically shown in Fig. 1. In particular, PLA-based macromonomer was
obtained via ROP, using HEMA as initiator in the presence of Sn(Oct); as
catalyst. In order to precisely control the chain length, the molar ratio of

Hydroxyethyl methacrylate-lactic acid,,

=-CO~-

(polyhydroxyethyl methacrylate-graft-lactic acid,,)-co-
polymethacrylic acid

AIBN =( Va

HO
SA A CTA 60
\ { / ACN
+ C = C——t
\ \_, 70°C o o
RAFT bs ) ’

_/ 4 ether methacrylate

oA
Di(ethylene glycol) methyl $

-co- )-b-PDEGMA

i

((polyhydroxyethyl methacrylate-graft-lactic acid,,)-co-polymethacrylic acid)-b-
polydi(ethylene glycol) methyl ether methacrylate

Fig. 1. Scheme of polymerization reactions performed sequentially for the synthesis of ((PHEMA-graft-LA;5)-co-PMAA)-b-PDEGMA copolymer.

N
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D,i-Lactide:HEMA was adjusted to 6:1. The monomer conversion was
confirmed by the resonance peak of PLA obtained at 5.2 ppm from the
' NMR analysis (Fig. S1). The number average molecular weight (M)
of PLA was calculated from 'H NMR spectrum according to Eq. 3.

£ )
Minema-1a;, = MWhema + MW, © <fpmmnﬂgnal + 1> 3

Aproton signal

where MWygma and MW/, are, respectively, the molecular weight of
HEMA and D,L-Lactic acid, whereas [ fyroton signat and [ @proton signal
represent the area under the curve of peaks f and a respectively (Fig. S1).
The resulting Mn was 982 Da. Copolymerization of HEMA-LA;, and
MAA was performed by RAFT polymerization using 4-Cyano-4-[(dode-
cylsulfanylthiocarbonyl) sulfanyl] pentanoic acid as chain transfer
agent and a HEMA-LA;5,:MAA molar ratio of 1:1. The choice of using
MAA is to provide pH responsivity to the final polymer. The pH
responsivity derived from protonation and deprotonation equilibrium,
which occurs on carboxyl group at different pH conditions. The 'H NMR
spectrum of the reaction product is shown in Fig. S2. The RAFT poly-
merization was performed multiple times to assess the conversion
reproducibility over time. The conversion of each monomer was calcu-
lated at different time intervals by using the following formulas:
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represents the area under curve of peak f (Fig. S2), which was the
reference integral, so it was maintained always at the same value.

Fig. 2 shows the conversion of HEMA-LA;5 and MAA into polymer of
six reactions performed at the same reaction conditions. By looking at
the linear semilogarithmic plot in Fig. 2b, it is possible to conclude that a
constant concentration of radicals is present in the reaction environ-
ment, due to the absence of termination reactions typical of RAFT
polymerization. This testifies the good control over the polymerization
during the whole time interval, which is pivotal to properly govern the
polymer properties. For the last step of the copolymer synthesis, RAFT
polymerization of DEGMA monomer was performed (Fig. S3). In this
case the previously synthetized (PHEMA-graft-LA;2)-co-PMAA was used
as macro-CTA, so only the monomer and AIBN were added.

In particular, the addition of AIBN was performed in order to achieve
a macro-CTA:AIBN molar ratio of 3:1. The reaction was repeated sys-
tematically to ensure the kinetic reproducibility. Fig. 2 shows the con-
version during time for the RAFT polymerizations, where the small
standard deviation indicates a good reproducibility of results. High
monomer conversions (> 95 %) were obtained after 24 h. As discussed
for the macro-CTA, the semilogarithmic plot of monomer conversion in
Fig. 2d shows a liner trend, demonstrating the control over the poly-
merization. Polymers synthesized at each step were analysed by 'H NMR
and GPC (Fig. S1, S2, S3 and S4) and the relative conversions, DP and
average molecular weights are shown in Table 1.

3.2. NP synthesis and characterization

Nanoprecipitation of the final ((PHEMA-graft-LA;2)-co-PMAA)-b-
PDEGMA was performed in water to form NPs. Fig. 3a shows a TEM

b
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T T T T T 1
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-
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i@

T T T 1
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Fig. 2. (a, b) Conversion percentages and semilogarithmic plot of monomer conversions over time for the RAFT polymerization of HEMA-LA;, (orange) and MAA
(yellow). (c, d) Conversion percentage and semilogarithmic plot of DEGMA (grey) conversion in the RAFT polymerization mediated by the (PHEMA-graft-LA;5)-co-

PMAA macromolecular chain transfer agent.
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Table 1

Conversion and average molecular weights of polymers calculated as mean =+ standard deviation at the end of each polymerization step by "H-NMR and GPC analyses.
Polymerization step Conversion (%) DP 'H NMR GPC

M, (Da) M, (Da) M,, (Da) PDI (-)
HEMA-LA;, 90.2 +£ 0.9 10.8 £ 0.12 1000 + 10 650 + 100 1400 + 150 2.20 £ 0.15
(PHEMA-graft-LA;5)-co-PMAA 90.3 &+ 1.25 (PLA) 21.7 + 0.29 (PLA) 25,000 + 300 15,500 + 500 20,000 =+ 300 1.20 £+ 0.02
95.8 + 1.49 (MAA) 22.9 + 0.35 (MAA)

((PHEMA-graft-LA;3)-co-PMAA)-b-PDEGMA 96.7 + 2.18 48.4 +1.09 30,000 £ 300 20,000 £+ 700 25,000 £+ 700 1.25 £ 0.03

1H-NMR and GPC analyses provided average molecular weights in good agreement. The lower values obtained from GPC chromatography could be related to the
different type of polymer used for the calibration of the instrument, in this case polystyrene. Low values of polydispersity index guaranteed the control over poly-
merization in case of polymers synthesized by RAFT polymerization.
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Fig. 3. TEM image of (a) nanoparticle solution on grid after incubation at neutral pH; (b) NPs on grid after incubation in acidic pH solution. Graph of (c) I3/I; vs.
polymer concentration showing the CMC of the final copolymer; (d) Z-average of NPs at different pH solutions (e) UV-vis results of nanoparticle solution trans-
mittance at different pH; (f) percentage of cellular viability vs nanoparticle concentrations from in vitro biocompatibility test.
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image of a single NP at neutral pH with a diameter around 150 nm. TEM
images of NP solution at neutral pH (Fig. 3b) and pH = 2 (Fig. 3c) show a
different behaviour of NPs. In particular, NPs can be individually iden-
tified in neutral pH (additional images on Fig. S5a and S5b of Supporting
information) due to their high stability, whereas they are presented in
agglomerated forms in case of acidic pH.

The resulting phenomenon is a consequence of methacrylic acid
protonation which occurs in acidic pH and leads to changes of intra and
inter polymer interactions. In particular, the lower solubility of MAA in
its protonated form is responsible for the NP destabilization and for-
mation of large aggregates [59], as revealed by both TEM and DLS. The
CMC of the amphiphilic polymer was measured to study the concen-
tration at which the formation of hydrophobic regions associated to the
copolymer self-assembly into NPs occurs (Fig. 3c). Pyrene was used as a
tracer due to its hydrophobicity and stability in nonpolar solvents [60].
Low values of I3/I; between 0.64 and 0.66 were maintained for low
polymer concentrations, indicating that the pyrene was dispersed in the
aqueous phase and no micelles were present. By increasing the polymer
concentration, an increase of I3/I; value up to around 0.7 was evident,
testifying the formation of hydrophobic microenvironments where
pyrene was incorporated and stabilized. From this analysis, the CMC was
taken as the concentration leading to a change in the slope of the ratio
I3/I;. A CMC of 70.8 mg/L was obtained, in agreement with values re-
ported in the literature for similar copolymers (10’7—1075 M) [61,62].
Indeed, this result confirmed the micellar formation starting from
((PHEMA-graft-LA13)-co-PMAA)-b-PDEGMA copolymer and its poten-
tial use for drug delivery purpose. In agreement with TEM results, DLS
analysis of nanoparticles at neutral pH revealed a Z-average size of 154
nm and a polydispersity of 0.14. The same analysis was performed with
a gradient of temperature over a temperature range between 20 and
60 °C to demonstrate the stability of NPs at physiological temperature
and up to higher temperature conditions (Fig. S6). Z-average measure-
ments remain stable between 150 and 160 nm with a polydispersity of
0.15. DLS analysis was also conducted at different pH values in order to
study the effect of pH on NPs behaviour. Fig. 3d represents the results of
Z-average at different pH values. An increase in NP size was observed for
pH values <3, where the average hydrodynamic diameter reached
values up to 1600 nm. In fact, as reported in literature, the increase of
hydrophobicity after the protonation could lead to structural changes of
NPs and subsequent formation of aggregates [63,64].

The partial accordance between DLS and TEM analyses is due to the
different technology used: wet for DLS and dry for TEM. The pH-
responsivity was also verified by UV-vis analysis, in which the trans-
mittance measured at 500 nm revealed different values depending on
the pH of the suspension. Fig. 3e shows a decrease of transmittance by
decreasing the pH from 14 to 1. Indeed, the intensity of the scattered
light is directly proportional to the NP diameter at the sixth power.
Hence, this decreased transmittance when moving to acidic pH further
confirms the gradual protonation of carboxyl groups followed by the
formation of large scatterers, responsible for an increase in the suspen-
sion turbidity. Biocompatibility of NPs was assessed performing MTT
tests on HeLa cells supplemented with NPs at different concentrations
and results showed good cellular viability up to 1 mg/mL (Fig. 3f).

3.3. Drug release

The effect of pH-responsive behaviour of NPs on drug release was
studied firstly by using rhodamine B, FITC and pyrene as drug mimetics,
respectively, hydrophilic highly soluble molecules, relatively hydro-
philic poorly soluble ones and hydrophobic insoluble ones. Considering
the differences in chemical and physical properties between molecules,
it was assumed that after the drug loading, rhodamine B was mainly
located in the hydrophilic shell, whereas FITC and pyrene were
entrapped in the core of NPs. The release of each molecule from NPs was
performed at 37 °C in acidic (pH = 2) and neutral (pH = 7) buffer as
described in Section 2.7. An extreme acidic condition (pH = 2) was used
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for release studies to assess the effectiveness of drug release at pH <
<pKa of MAA, where NPs have already exhibited pH responsivity.
However, this extreme experimental condition does not exclude the
possibility of having an enhanced drug release also for higher pH values,
as can be deduced from the characterization evidence at different pHs
(see Fig. 3e). Encapsulation efficiency of FITC and pyrene were respec-
tively 93.54+8.3 % and 83.1+3.2 %, confirming the high interaction of
the molecules with the core of NPs, whereas only 77.1+7.3 % of
rhodamine B was loaded inside NPs. Lower value of encapsulation for
rhodamine B could be explained by the hydrophilicity of the molecule
which is more favoured to stay in the water environment. Considering
these differences in encapsulation efficiency, the respective drug loading
values were 3.0+0.5 % for rhodamine B, 3.640.3 % for FITC and 3.2
+0.4 % for pyrene. Drug release from NPs was finally tracked during
time, as shown in Fig. 4a.

Controlled and sustained release was evidenced for all the mimetic
drug molecules. Drug release of FITC and pyrene in PBS buffer had
similar trends and reached very low value of cumulated release, below
20 % of the total encapsulated molecule. The low value of release is due
to the hydrophobicity and/or low solubility of the molecules and their
ability to restrain from diffusion to the external environment. Opposite
trend was measured in acidic buffer, where the final cumulated release
for FITC and pyrene reached the values of 83 % and 90.8 %, respectively.
In this case a gradual increase of release was observed up to one week for
pyrene and 3 weeks for FITC, sign of a controlled and sustained release
over a long period of time. A possible explanation of the increase can be
attributable to hydrogen bond interactions between protonated car-
boxylic groups of MAA and ethylene glycol moieties [65,66], which are
responsible of following agglomeration and squeezing the drug outside
the NP [67]. Indeed, a decrease of Z-potential from -43 mV to -4 mV was
observable decreasing the pH from neutral to acidic values, indicating a
possible change in oxygen interactions (data not shown).

These results demonstrated the potential use of pH-responsive NPs in
modulating the release of hydrophobic and slightly hydrophilic mole-
cules, which can be exploited for a target release of the active principle.
Different mechanism of release was observed in rhodamine B release
curve. Indeed, higher release was measured in PBS buffer (~87 %)
compared to that in acidic pH (~60 %). One reason could be associated
to the open conformation of rhodamine B in acidic solution, which can
form hydrogen bonds between carboxylic groups and oxygens of
ethylene glycol. For both neutral and acidic pH conditions, no burst
release was evidenced and sustained release was achieved up to 1 day,
followed by controlled release. Logarithm of cumulated release vs.
logarithm of time (Fig. 4b) was plotted following Korsmeyer-Peppas
model in order to describe drug release type from a polymeric system
[68]. Coefficients of linear curves are between 0.23 and 0.46, indicating
a Quasi-Fickian diffusion from a non swellable matrix diffusion for all
molecules. Difference between coefficients depends on geometry of
particles and their polydispersity. In particular a coefficient of 0.432 +
0.007 indicates Fickian diffusion mechanism from a polymeric sphere
[69]. Release test from NPs at neutral and acidic pH were also performed
using a real drug, in this case 5-Fu (Fig. 5a). Encapsulation efficiency
was 64+11.3 %, and drug loading was 2.5+0.4 %. Cumulated release at
neutral pH reached a value around 85 %, whereas at acidic pH it reached
around 60 %. Lower release in acidic pH could be related to the lower
solubility of the drug at acidic pH solution compared to the neutral one
[70,71]. However, in this case burst release was observed for both pHs in
the first 2 h, followed by a slower and sustained release up to 28 days.
The quick release kinetic could be potentially related to the partial hy-
drophilic nature of 5-FU, able to easily diffuse from the surface of NPs to
the external water solution. Other drugs would be tested in future to
analyse their response during the first hours of release. Higher slope of
linear curve section indicates a faster release in PBS compared to acid
solution.

Finally, FITC-DEX release experiments from the HPMC-C;5 system
were performed to study the ability of the polymeric network in
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releasing high steric hindrance drugs or proteins characterized by
similar hydrodynamic radius [72,73] and molecular weight. Two for-
mulations at 5 wt% and 10 wt% of HPMC-C; 5 concentration were tested.
FITC-DEX release experiments up to 3 weeks (Fig. 6a) showed a similar
release curve and a similar release kinetic during the first hours. Both the
releases reached the plateau only after two weeks, indicating a gradual
and sustained release of the molecule. Higher percentage of cumulated
release (70 %) was obtained from the HPMC-C;2 5 wt% due to the larger
mesh size of the system, which is derived by the lower concentration of
cellulose. High values of standard deviation were registered for the
HPMC-Ci2 5 wt%, probably due to the low stability and possible
degradation of the system in water external solution. Cumulative drug
release was plotted against the square root of time (Fig. 6b). The line-
arity of the curve indicates Fickian diffusion of FITC-DEX through the
polymer matrix [59,74]. The slope of release from the HPMC-C;5 5 wt%
is steeper compared to that of HPMC-C;5 10 wt%, but the linear trend
was maintained for both formulations up to 7 days. This represented an
important advancement in the direction of a prolonged sustained release
compared to traditional formulations [19].

3.4. Invitro cell assay

In vitro cytotoxicity test was performed on HeLa cells using MTT
assay, as previously discussed. Moreover, cells were treated with either a
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Fig. 6. (a) Cumulated release from polymer network vs. time (days) curve and (b) cumulated release vs. time (s*/?) curve of FITC-DEX release from the HPMC-C;5 5
wt% (blue) and HPMC-C;5 10 wt% (red) in PBS. The slope of drug release against the square root of time is representative of Fickian diffusion coefficients for each

sample (p < 0.001 between all groups).
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Fig. 7. MTT assay on cells untreated (black), treated with NPs (pink), 5-Fu solution (green) and 5-Fu loaded NPs (purple) at 24 h, 48 h and 72 h.

suspension of 5-Fu-loaded NPs or a solution of pure 5-Fu in PBS. Fig. 7
shows the percentage of cell viability after 24 h, 48 h and 72 h of cells
untreated (black), treated with NPs (pink), 5-Fu solution (green) and 5-
Fu-loaded NPs (purple). Cell viability of cells treated with NPs main-
tained high values over 72 h (around 100 %), whereas lower values were
measured from 48 h to 72 h for samples treated with free 5-Fu and 5-Fu-
loaded NPs. In particular, after an incubation of 48 h with free 5-Fu and
5-Fu-loaded NP solution the viabilities were respectively 74 % and 85 %,
meaning that initially the use of the only drug had a higher effect than
that with the use of NPs. After 72 h the results showed a viability of 74 %
for the sample treated with 5-Fu-loaded NPs and no significant change
for cells treated with the only 5-Fu. This effect demonstrated the ability
of NPs in achieving a controlled release of drug over time, allowing a
continuous drug release and consequent decrease of cell viability, not
observable for the sample treated with the drug solution.

Therefore, in vitro outcomes evidenced the high biocompatibility of
polymeric NPs and their promising use for the controlled drug release in

Low molecular

High molecular weight drug

weight drug

biomedical field.

3.5. Polymer-nanoparticle composite system characterization

First, HPMC was functionalized following the procedure described
by Appel and coworkers with C;5 chains by using 1-dodecyl isothiocy-
anate as reagent [40]. The functionalization of a fraction of the hydroxyl
groups of HPMC with hydrophobic chains allowed a better interaction
between polymer network and the core of NPs, leading to a polymer
network with higher mechanical properties. The correct modification
was verified by IR-analysis, which showed the peaks corresponding to
the functionalized polymer (Fig. S7) [40,75]. The composite system was
formed following the procedure described in Section 2.10. Fig. 8a shows
its schematic formation, which resulted in a homogeneous combination
of HPMC-based polymer network and organic pH-responsive nano-
particles able to interact each other by associating the respective hy-
drophobic regions. SEM micrographs of the composite network revealed

pH-responsive release

Fig. 8. (a) Scheme of polymer-NPs composite system formation, codelivery mechanism and visual picture of the resulting material. (b) SEM images of the composite
network that demonstrate a homogeneous distribution of NPs within the gel structure, indicating that the network is held together by polymer-nanoparticle

interactions.
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a lamellar structure comprising sheets of HPMC-C;5. The surface of the
single sheet was characterized by short filaments which protrude in
perpendicular way typical of cellulose-based hydrogels (Fig. 8b)
[40,76,77]. At higher magnification the presence of spherical-shape
particles on the surface of sheets is well visible.

The size of these NPs resulted higher than that obtained by DLS
analysis, due to the limitation of this technique to observe nano systems.

The two different formulations with HPMC-C15 content at 5 wt% and
10 % were also characterized for their mechanical properties. Amplitude
sweep tests on HPMC-Cy5 5 wt% and HPMC-C15 10 wt% formulations
were performed in a range of shear strain between 0.01 and 1000 %
(Fig. 9a). For both the compositions, a broad linear viscoelastic region
up to 10 % of shear strain was measured. A solid-like viscoelastic
behaviour was highlighted for the HPMC-C;5 10 wt% system (G* > G™),
whereas a liquid-like viscoelastic material (G’ < G”) characterized the
HPMC-C;;, 5 wt%. Higher values of the two moduli were registered for
the HPMC-C1, 10 wt% system, due to the higher cellulose fraction inside
the gel.

Similar results were obtained in case of amplitude sweep tests per-
formed at 37 °C for both gels, demonstrating a good stability of rheo-
logical properties at physiological conditions. Different types of
composite systems were formed to obtain HPMC-C;12:NP (wt%) of 1:0,
1:2, 1:4 for the HPMC-C;5 5 wt% formulation and 1:0 and 1:1 for the
HPMC-C;5 10 wt%. The aim of using different NPs concentrations was to
verify the improvement of the final rheological properties with NPs in-
crease. Fig. 9b and ¢ showed the effect of the system derived from the
addition of NPs on the mechanical properties. For the HPMC-C;5 5 wt%
formulation, the storage modulus and tan(delta) increased and
decreased, respectively, with increasing the nanoparticle content. This
effect is the result of a higher number of polymer-nanoparticle in-
teractions per unit volume, as reported by Appel’s research group [40],
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in which similar results were obtained using PLA-PEG NPs. In particular,
they demonstrated that the hydrophobic core of the nanoparticle is able
to physically interact with the hydrophobic carbon chain C;, increasing
the stiffness of the material. Without the presence of C;2 the addition of
NPs did not have any substantial effect on the final storage modulus. In
the HPMC-C;2 5 wt% system the mechanical properties increased with
the increase of NPs content demonstrating the improvement on me-
chanical properties. Indeed, the progressive decrease of tan(delta) with
the increase of NPs: polymer ratio suggests a mechanical improvement
towards a solid like behaviour. For the HPMC-C;5 10 wt% formulation
with 1:0 of HPMC-Cj5: NP (wt%) the value of storage modulus was one
order of magnitude higher than that obtained for the HPMC-Cy2 5 wt%
reflecting a higher stiffness of the material. The addition of NPs in a 1:1
ratio did not have a significant influence on the elastic modulus of the
gel, probably due to the low ratio used. In this case the tan (delta)
remined below the value of 1, indicating a stable solid-like viscoelastic
behaviour. Frequency tests were performed for the two formulations
containing the highest content of NPs. Fig. 9d shows a crossover point
between the storage and loss modulus and a frequency dependent
response of the two moduli for both the formulations. This trend is
characteristic of non-crosslinked viscoelastic materials, which present a
characteristic time in the range of those investigate through the fre-
quency sweep.

Consequently, they behave as liquid material when stimulated at low
frequencies, whereas as solid if stimulated at high frequencies. These
soft materials represent highly versatile systems, whose properties can
be modified by changing the content of polymer or NPs. Indeed, stiffness
can increase with polymer percentage, whereas the solid-like feature of
the solid-viscoelastic material, can be reached by increasing NPs:poly-
mer ratio. In this way it would be possible to modify the rheological
properties of the final system depending on the final therapeutic
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Fig. 9. (a) Amplitude sweep test: Loss modulus G" (dashed line) and storage modulus G’ (continuous line) for HPMC-C;5 5 wt% (blue) and HPMC-C15 10 wt% (red)
without NPs. (b) Amplitude sweep tests: G’ (black) and tan(delta) (red) values of HPMC-C;5 5 wt% system at different HPMC-C;:NP (wt%) ratios and (c¢) G’ (black)
and tan(delta) (red) values of HPMC-C;, 10 wt% system at different HPMC-C;2:NP (wt%) ratios. (d) frequency sweep test: G” (dashed line) and storage modulus G’
(continuous line) for HPMC-C;5 5 wt% with HPMC-C;2:NP (wt%) of 1:4 (blue) and HPMC-C;5 10 wt% with HPMC-C;,:NP (wt%) of 1:1 (red).
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application and way of administration.
4. Conclusions

Innovative pH responsive nanocomposite systems incorporating pH-
responsive organic NPs within a polymer network were developed
starting from the controlled synthesis of ((PHEMA-graft-LA;5)-co-
PMAA)-b-PDEGMA copolymer by RAFT polymerization. pH-
responsivity of NPs was guaranteed by the presence of methacrylic
acid, which has an influence on intra-polymer interactions depending on
its protonated or deprotonated state. The synthesis of NPs demonstrated
high controlled and sustained release of mimetic drugs and a significant
increase of total release for hydrophobic and slightly hydrophilic mol-
ecules decreasing the pH of external solution. In vitro test results
revealed good biocompatibility of NPs and higher efficacy in decreasing
cell viability over time compared to the use of only drug solution.
However, cell viability measurements over 72 h should be conducted in
future to confirm the higher efficiency of drug-loaded NPs compared to
the pure drug administration. The inclusion of NPs inside HPCM-C;2
polymer network resulted in improved mechanical properties of the
HPMC system, confirming current literature studies. Future drug release
studies will be performed from the nanocomposite material and
compared to current results. The final system represents a model of co-
delivery able to load therapeutic molecules of high molecular weight,
such as proteins and antibodies, inside polymer network, and hydro-
phobic/hydrophilic drugs of low molecular weight inside the entrapped
NPs. In vivo tests will be performed in future to test the ability of the
presented nanocomposite system to provide a localized drug delivery
after the injection and increase the release of hydrophobic drugs under
specific pH conditions. The material could therefore represent a
powerful tool in the development of combination therapies.
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