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We describe a new approach to depot drug delivery in which a copolymer poly[N-isopropyl
acrylamide-co-N-(3-imidazolylpropyl)methacrylamide] (PNIPAM-co-ImPM) is considered
as the main object and matrix for a new formulation strategy that provides the controlled
and sustained release of an incorporated drug. The relatively low content of ImPM groups
(1.6 mol%) was determined to be sufficient to introduce pH-sensitive behavior to the poly-
mer. Together with NIPAM units, which possess a thermo-sensitive behavior, a dual sensi-
tivity was imparted to the polymer that was investigated by means of turbidimetry and
dynamic light scattering. A change in pH from 9 down to 4 was observed to result in the
increase of the polymer transition temperature from 32 to 70 �C. The separation process
is also accompanied with the formation of ca. 150–300 nm particles while above the tran-
sition temperature. The pH value of approximately 6.5 was defined as a boundary value,
where certain properties of the system significantly change. This observation assumes a
potential attractiveness of the system for biological applications in which injection is pos-
sible using a liquid form at pH ca. 5 without the risk of injection needle obstruction. In this
way, a depot is formed at the application site upon simultaneously heating to body temper-
ature and increasing the pH to the physiological value of 7.4. An in vivo experiment using
the polymer in PBS (pH = 5.0) with paliperidone as a model drug showed excellent results
regarding the release of the drug from a depot. The putative mechanism of action for our
depot system is thoroughly described in the article.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Depot formulations have attracted considerable interest in contemporary pharmaceutical research because they allow for
maintaining a steady blood concentration of the active pharmaceutical ingredient (API) for up to several weeks after injec-
tion. This is especially advantageous for antipsychotics in which the suppression of the fluctuation of serum levels leads to a
decrease in dosage and side effects while keeping or even improving treatment efficacy [1–6]. Last but not least, such for-
mulations are advantageous for non-cooperating patients that may not follow a physician‘s instructions. The typical depot
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formulation contains the drug encapsulated in polymer or another matrix, which after injection forms a local depot that
gradually dissolves and releases the API [1–6]. Many depot formulations require organic solvents or oil as vehicular, and such
injections often cause local inflammations and pain as a common side effect [7], with oil embolisms also being a common
complication [8]. Alternatively, poorly water-soluble microcrystalline prodrugs are applied intramuscularly where they
are gradually enzymatically cleaved, e.g., by esterases, into active drugs that are then released from the depot [9–11]. A dis-
advantage of this type of system is the fluctuation of local concentrations of activating enzymes within a single patient and
also among different patients.

The use of micro- and nanoparticles in combination with polymers (e.g., poly(lactide-co-glycolide) [12–15] is another
type of depot formulation. Here, it is possible to reach a sustained release in a diffusion-controlled or matrix degradation-
controlled manner, however, with similar problems considering that the predictability of sustained release is due to the
aggregation and hard-to-set diffusion rate of the drug within the polymer matrix [5,15–19].

Thermoresponsive polymers possessing a lower critical solution temperature (LCST) in the range between room and body
temperatures allow the administration of the formulation as a liquid in an aqueous milieu; while after the phase separation
induced by the body temperature, the depot is formed [20–25]. The phase-separated thermoresponsive polymer, after phase
separation, regulates the release of the drug in a diffusion barrier-like manner from such a depot [7–12,20,22,23,25].
However, the main issue may be the obstruction of the needle during injection because phase separation is fast and the well
heat-conducting metallic needle reaches surrounding (body) temperature quickly [26–29]. The solution to this problemmay
be the application of an organic solvent, such as dimethyl sulfoxide (where the polymer is soluble but without a LCST), or as
newly described in this paper, to use a polymer with dual responsivity that makes its application in aqueous milieu possible.

For imidazole-containing polymers, the pH-responsivity of imidazole (pKa ca. 7 depending on the functionalization)
allows one to inject the system in a mildly acidic yet biologically acceptable milieu (pH 4.5–5.5), where imidazole is proto-
nated and highly hydrophilic. The charged state of the imidazole units shifts the transition temperature of the polymer solu-
tion to higher values [30]. With a pH increase to 7.4 in tissue, imidazole is mostly deprotonated, resulting in a phase
separation of the system at temperatures significantly lower than in the former case. Thus, the phase separation temperature
drops, and it becomes possible to create a system that is injectable without needle stroke under one set of conditions (low pH
value, cloud point temperature - CPT above body temperature), while it forms a depot or nanostructured scaffold in tissue
under another set (higher pH value, CPT below body temperature). While the approach of dual temperature and pH respon-
siveness has already been well described in a number of publications [31–34], here, in this paper, we report on the synthesis
and solution properties of copolymers of N-isopropyl acrylamide (NIPAM) and N-(3-imidazolylpropyl)methacrylamide
(ImPM) that are specifically intended for parenteral depot drug delivery applications. Here, the NIPAM monomeric units
introduce a thermosensitivity to the copolymer, while the ImPM monomeric units bring pH-responsiveness. A number of
copolymers with different ratios of monomers were synthesized by RAFT polymerization. The polymer composition (molar
ratio of NIPAM and ImPM units) has a crucial influence on the solution properties of copolymers, primarily on the value of
the transition temperature. It was proven by dynamic light scattering that the copolymers possess a reversible association
behavior with changing pH and temperature. The conditions of pH range 5–8 and temperatures of 35–39 �C are considered to
be ideal for the intended use. The model antipsychotic drug paliperidone (as palmitic acid salt) was incorporated into the
system, and a polymer-controlled sustained release was demonstrated in an in vivo model and compared with the release
profile for the prodrug paliperidone palmitate (ester). Therefore, the same drug release profile is feasible with just the salt of
the active drug instead of the necessity of the enzymatically activated prodrug (with all its drawbacks related to fluctuating
local enzymatic activity levels), which also brings significant simplification of further approval procedure.
2. Materials and methods

2.1. Materials

N-Isopropylacrylamide, 1-(3-aminopropyl)imidazole, 2-cyano-2-propyl benzodithioate, methacryloyl chloride, and
2,20-azobis(2-methylpropionitrile) (AIBN) were purchased from Sigma-Aldrich Ltd. (Czech Republic). Dichloromethane,
1,4-dioxane (99.8%), methanol, diethyl ether, NaOH, NaCl, Na2SO4 were purchased from Lach-Ner (Czech Republic).
N-Isopropylacrylamide was recrystallized from hexane. o-Nitrobenzaldehyde (o-NBA) was recrystallized twice from ethanol
before use. AIBN was recrystallized from acetone. All other chemicals were used without additional purification. Sephadex
G-25 was obtained from Amersham Biosciences (Sweden). Paliperidone palmitic acid salt was provided by Zentiva, Sanofi
generics.
2.2. Synthesis of N-(3-imidazolylpropyl)methacrylamide (ImPM, see Fig. 1)

The 1-(3-aminopropyl)imidazole (7.50 g, 60 mmol) was dissolved in dichloromethane (7.15 mL). With cooling by an ice
bath and vigorous stirring, an aqueous solution of sodium hydroxide (2.56 g, 64 mmol) (20 mL) and then subsequently
methacryloyl chloride (6.96 g. 60 mmol) in dichloromethane (6.5 mL) were added dropwise. The mixture was allowed to
heat to room temperature, and then the organic layer was separated. The water phase was extracted twice with dichloro-
methane, and the combined organic layers were washed with saturated sodium chloride solution. The organic solution



Fig. 1. Synthetic route for preparing poly(NIPAM-stat-ImPM) copolymers.
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was then dried over magnesium sulfate and concentrated to ca. 10 mL in vacuo. The crude product was purified by flash-
chromatography on spherical silica using methanol-chloroform (15:85 v/v) as the eluent. Finally, the monomer was isolated
as a colorless oil product.

N-(3-Imidazolylpropyl)methacrylamide (C10H15N3O): Yield 1.2 g (16%) of colorless oil. 1H NMR (CDCl3): d = 1.92
(s, 3H), 2.02 (q, 2H), 3.3 (q, 2H), 4.0 (t, 2H), 5.3 (s, 1H), 5.68 (s, 1H), 6.7 (s, 1H), 6.95 (s, 1H), 7.02 (s, 1H), 7.63 (s, 1H),
13C NMR (151 MHz, CDCl3) d 169.01 (C@O), 139.81 (CH2@CH(CH3)A), 137.17 (ANACH@CHAN@CHA), 128.80
(ANACH@CHAN@CHA), 119.94 (CH2@CH(CH3)A), 119.15 (ANACH@CHAN@CHA), 45.00 (ANACH2ACH2ACH2), 36.89
(ANACH2ACH2ACH2), 31.10 (ANACH2ACH2ACH2), 18.79 (CH2@CH(CH3)A), MS-ESI: 216.08 [M+Na]+ (100%), 194.17
[M+H]+ (9.5%). The ImPM monomer easily undergoes spontaneous polymerization during storage, even at low temperature,
so it should be worked up for polymerization as fast as possible.
2.3. Synthesis of polymers (see Fig. 1)

The reversible addition–fragmentation chain transfer (RAFT) polymerization was performed with 2-cyano-2-propyl
benzodithioate as a chain transfer agent. A mixture of the monomers N-(3-imidazolylpropyl)methacrylamide (ImPM,
0.85 mmol for polymer PA, 1.26 mmol for polymer PB, and 1.6 mmol for polymer PC) and N-isopropylacrylamide (NIPAM)
(to a total monomer amount of 16 mmol), the chain transfer agent (0.15 mmol) and AIBN (0.03 mmol) were dissolved in
1,4-dioxane (7 mL). The polymerization mixture was flushed with argon for 10–15 min followed by polymerization at
75 �C for 16 h. The reaction mixture was cooled to room temperature, and the crude polymer was precipitated in diethyl
ether, filtrated and dried in vacuo. The yield was ca. 60% for all polymers. The resulting polymer was further purified by
column chromatography with Sephadex LH-20 as a stationary phase and methanol as a mobile phase. After separation,
the fractions containing the polymer were taken, the methanol was evaporated, and the residue was dissolved in THF,
precipitated in diethyl ester and dried in vacuo.

The molecular weights of the polymers were determined by gel permeation chromatography (GPC) in a mixture of acetate
buffer (pH 6.5; 0.3 mol L�1) and methanol (20:80 v/v) as a mobile phase on a TSK 3000 SWXL column (Polymer Laboratories
Ltd., UK) with an HPLC System Ultimate 3000 (Dionex, US) equipped with RI, UV and multiangle light-scattering DAWN DSP-
F (Wyatt, U.S.A.) detectors. The weight-average molecular weights, Mw, for PA, PB, and PC were 11.2 kDa, 14.2 kDa and
26.3 kDa, respectively. The polydispersities, I (I =Mw/Mn, where Mn is the number-average molecular weight) were 1.39,
1.35 and 1.30 for polymers PA, PB and PC, respectively. The molecular characteristics of the synthesized copolymers are sum-
marized in Table S1 (see Supporting materials).

The monomeric unit ratio of the copolymers was assayed by potentiometric titration because the determination of the
monomer ratio by NMR analysis is not unequivocal in the current case (there is an overlap in the characteristic signals
for NIPAM and ImPM groups (Fig. S1)). The copolymers contained 0.50, 2.0 and 3.7 imidazole moieties per polymer chain
for polymers PA, PB and PC, respectively.
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2.4. Experimental procedure of polymer characterization

All of the copolymer solutions used within the physico-chemical characterization of the system were prepared in deion-
ized Milli-Q water. The concentrations of the polymers were chosen 4 mg/mL, if it is not stated differently. The adjustment of
the solution pH value was performed by the addition of 0.2 M hydrochloric acid. The dual sensitivity of polymers to pH and
temperature demands a certain methodology for the experiment. The experimental procedure chosen for the current system
was the following. The determination of the phase-separation behavior was conducted in a stepwise manner: the change in
pH was conducted first, then the temperature scan was performed, and then the polymer solution was recovered to the
initial homogeneous state; thus, one step was completed and next step of the pH change was performed. Three physical
parameters were measured for the polymer solutions, transmittance (with an UV–VIS spectrophotometer), light scattering
intensity and hydrodynamic diameter.

2.4.1. Turbidity experiment
The cloud point temperature (CPT) was determined by measuring the change in the transmittance of the polymer solution

as a function of the temperature. The transmittance was measured at k = 450 nm, far away from the absorbance peak
observed for N-(3-imidazolylpropyl)methacrylamide and its copolymers consequently, with an UV–VIS spectrophotometer
(Thermo Scientific Evolution 220, equipped with a Thermo Scientific single cell Peltier element). Temperature was controlled
manually, with average heating/cooling rate 1 �C/min and varied from 25 up to 70 �C. The cloud point temperature for the
polymer solution at a particular pH was determined at 50% transmittance. A cooling experiment (hysteresis) was also
conducted where necessary.

2.4.2. Dynamic light scattering experiment
The temperature dependencies of the apparent hydrodynamic diameter, Dh, and the light scattering intensity, Is, of the

copolymer solutions were determined at 173� using a Zetasizer Nano-ZS, model ZEN3600 (Malvern Instruments, U.K.).
The DTS (Nano) program was used for data evaluation. It provides intensity-, volume-, and number-weighted Dh distribution
functions, G(Dh). The intensity-weighted value of the apparent Dh was chosen to monitor the temperature-dependent
changes in the system.

Additionally, for transparent solutions below the CPT, dynamic light scattering experiments were carried out on an ALV
instrument equipped with a 22 mWHe–Ne laser. An ALV 6000, multibit, multi-tau autocorrelator covering approximately 12
decades of the delay time, s, was used for the measurements of time autocorrelation functions. The obtained correlation
functions were analyzed by REPCALC analytical software [35], providing a relaxation time distribution function, W(s). The
temperature was controlled within 0.05 �C. The prepared samples were filtered into dust-free cells. Experiments were
conducted in an angular range: 40–150�. The diffusion coefficient, D, was obtained from the standard relation:
C ¼ s�1 ¼ Dtrq2 ð1Þ

where C is the relaxation rate. The scattering vector is q ¼ 4pn sinðh=2Þ=k, where k is the laser wavelength, n is the refractive
index of the solvent, and h is the scattering angle.

Finally, the apparent intensity-weighted hydrodynamic diameter of particles, Dh, was calculated using the Stokes-Einstein
equation.

If not otherwise stated, all measurements were conducted with 4 mg/mL polymer solutions, and all solutions were
filtered through a 0.45 lm PVDF filter before measurement.

2.5. Kinetics of redissolution of phase-separated polymer upon a pH jump

A modified procedure according to Refs. [36,37] was used, briefly: A solution with a polymer concentration of 2 mg/mL
and an o-nitrobenzaldehyde concentration of 10 mM was placed into a sample cell consisting of two quartz windows with a
200 nm spacer and thermostated at 35.0 �C. The pH jump was induced by irradiation with the third harmonic of an Nd:YAG
laser at 355 nm. A 200W high pressure mercury lamp with a long pass filter with a cutoff wavelength of 450 nmwas used as
a light-scattering source. A notch filter at 355 nm with a full width at half maximum (FWHM) of 17.8 nm was used to block
the scattered 355 nm laser light. Scattered light from the phase-separated polymers was collected with a photomultiplier
tube (Hamamatsu R928) and recorded on a Tektronix oscilloscope (TDS 3054B).

2.6. In vivo biological evaluation using paliperidone palmitate as a model drug

The formulation was prepared by the dissolution of copolymer PC (100 mg) in isotonic phosphate-buffered saline (PBS,
pH 7.4, 0.5 mL). Microcrystalline paliperidone palmitic acid salt (crystal size 10–20 lm, 30 mg) was added, and the pH of
the formulation was set to 5.0 with the addition of hydrochloric acid (1 mol/L). The originator of the formulation of paliperi-
done palmitic acid ester was Invega� Sustena� (Johnson & Johnson, NY, U.S.A.).

The determination of pharmacokinetics was performed on healthy female Wistar rats (animal weight 200–270 g at the
beginning of the study), with 6 animals per group. The formulation was injected deeply i.m. a dose of 30 mg paliperidone
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palmitate salt or paliperidone equivalent ester per animal. Blood samples were taken by a 10G needle at times 4 h, 8 h, 24 h,
3 days and 7 days after administration and then every week for 6 months. The blood was immediately transferred to a
heparinized test tube and kept on ice until analysis. The samples were centrifuged at 2500 rpm at 5 �C for 15 min, and
the plasma was transferred to polypropylene vials and stored at �70 �C until the time for analysis. The paliperidone content
was determined by LC/MS/MS, as described elsewhere in Ref. [38]. All animal studies were performed in accordance with
Czech Republic and European Union legislation and guidelines.

3. Results and discussion

Our first aim was to create polymers possessing dual pH and thermoresponsive behavior in the range of pH 5.5–7.4 and
the temperature range 30–42 �C, respectively. The molecular weight was set to 20–25 kDa to allow for elimination by the
kidneys after the redissolution of the depot [renal threshold is ca. 45 kDa for (meth)acrylamide-type polymers [39–42]].
Copolymers of N-isopropyl acrylamide with Mw below the renal threshold are partly eliminated to urine and partly to feces
with no organ redeposition, as we demonstrated before [24]. The polymer/drug mixture is to be injected into a muscle at
slightly acidic pH, approximately 5.0–5.5. Under this condition, the cloud point temperature of the polymer solution is
higher than room and body temperatures, and the polymer only prevents the aggregation of hydrophobic drug crystals
because of the association of the drug with the hydrophobic main-chain of the polymer. Thus, the polymer acts similarly
to a local surfactant with a hydrophobic main-chain and polar pendant groups. The simultaneously increased temperature
and pH in the muscle should result in the self-assembly of the polymer molecules because CPT is reduced, and a subsequent
physical incorporation of the drug inside newly formed structures could be assumed (see Fig. 2). Simultaneously, the pH in
the surrounding medium should be continuously changed from the acidic to neutral because of the pH and buffering
capacity of bodily fluids. The buffering capacity of the copolymer solution should be kept as low as possible to accelerate
this process; this is why the minimum amount of imidazole comonomer content was employed.

The RAFT polymerization was used for the synthesis of all of the polymers under investigation [43]. The implementation
of this synthetic route is explained by a necessity to control the molecular weight of the polymers and to keep the molecular
weight distribution as narrow as possible, which is essential for uniform biological behavior within each sample. The second
reason comes from the dependency of the LCST value on the same molecular characteristics (molecular weight and molec-
ular weight distribution) [44,45]. Two monomers were chosen for the synthetic route, N-isopropylacrylamide (NIPAM),
copolymers of which possess a thermoresponsive behavior and are described to be negligibly cytotoxic [46–48], and
N-(3-imidazolylpropyl)methacrylamide (ImPM), which is a pH-sensitive monomer. Other conditions for the synthetic
Fig. 2. Strategy for the depot drug delivery application described in this article.
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procedure include using 2,20-azobis(isobutyronitrile) (AIBN) as the initiator, 2-cyano-2-propyl benzodithioate as the chain
transfer agent and 1,4-dioxane as the solvent. A variation in the content of pH-sensitive units was used for the regulation
of solution behavior in the polymer solution. Consequently, a content of 1–2 mol% of ImPM units in the polymer is com-
pletely sufficient to fulfill the general requirements that have been applied to the polymer. Therefore, the polymers with
a content of ImPM units in the range of 0.5 to 2.5 mol% were further used for the physico-chemical characterization. It is
important that the ImPM units possess a weakly basic nature, and consequently, that they are hydrophilic at low pH and
become hydrophobic with increasing pH values. This property is considered important to further understand the solution
behavior of our statistical polymers.

The Mn value in all cases was in a range of 8.1 – 20.2 kDa with a dispersity of approximately 1.3–1.4 (see Fig. S2 in
Supporting Materials for GPC chromatograms). Certain increase in Mw was observed with increase in the content of imida-
zole moieties. Due to ionic nature of imidazole groups, the formation of interchain associated may happened. That tendency
should increase with increase in the number of imidazole groups and may explain the result of GPC measurement [49]. To
comment possible distribution of imidazole unit along polymer chain, the transfer behavior of the monomers has to be con-
sidered. We used a methacrylamide-type imidazole monomer to be copolymerized with N-isopropyl acrylamide because of
isolation and handling problems connected with the use of the corresponding acrylamide analog (namely, with its tendency
to undergo spontaneous uncontrolled polymerization). This was performed in analogy to the common use of N-isopropyl
methacrylamide to fine-tune the CPT of N-isopropyl acrylamide [50,51]. In addition, the pH-dependent phase separation
behavior (see below) shows that the polymer with the highest imidazole monomer content, which was used for most of
the studies, is sufficiently molecularly homogeneous. This is because the onset of the phase separation – the CPT - depends
strongly on pH, and the phase separation is sharp in a very narrow temperature range for all pH (see Fig. 3, which would not
be the case if there was a significant amount of polymer chains with different monomer compositions). Furthermore, the low
amount of imidazole moieties compared to the theoretical value allow to suppose the low reactivity of ImPM compared to
NIPAM monomer. Thus, the statistical or gradient structure seems to be a most plausible assumption for current polymers.
Further rigorous detailed determination of the monomer reactivity ratios is beyond the scope of an applied polymer paper,
such as this one. Potentiometric titration used for the composition calculation was also exploited to provide data about the
pKa value. pKa = 4.6 was found for polymer PC with the highest content of ImPM groups, and it increases up to 5.4 (0.5 mol%
ImPM for polymer PA) with decreasing numbers of pH-sensitive units. This is in agreement with the theory that protonation
of the first imidazole moieties on the polymer chain shifts the pKa of the other imidazole moieties on the same polymer chain
down in the pH scale because of columbic repulsion between the incoming protons and the already positively charged
polymer chain [52].

Polymer PC was chosen for a more detailed investigation regarding the physico-chemical properties of the polymer solu-
tion because of it having the highest homogeneity of monomeric composition of the copolymers with respect to the nature of
copolymerization and the number of imidazole comonomer moieties per chain. The turbidity experiment was conducted
first to determine the phase-separation behavior for a wide range of pH values. The experiment was performed in a step-
wise manner, as described in the Materials and method section. The cloud point temperature for the polymer solution at
a particular pH was determined at 50% transmittance. The results from the turbidity experiment are presented in Fig. 3.

It is visible from the turbidity curves that the cloud point temperature continuously shifted to higher values while the pH
of the system decreased. This shift is more prominent in range of pH values from 5.7 to 4.5, which is in close vicinity to the
pKa value of our polymers. In this particular range, a transition takes place from a slightly charged state to a completely
charged state of the polymer. These charges on the polymer chain, even at a considerably low concentration, effectively
postpone the separation process. Furthermore, when the pH drops below the pKa value, the free H+ in the hydration layer
Fig. 3. Temperature induced turbidity changes evaluated through the reduction in the transmittance of the PC polymer solution, c = 4 mg/ml (a) during the
heating process and (b) during the heating and cooling processes.



Fig. 4. Diagram of the shift in the cloud point temperature of the PC polymer solution (c = 4 mg/ml) depending on the solution pH.

60 A. Bogomolova et al. / European Polymer Journal 84 (2016) 54–64
of the polymer appear to stabilize the polymer chains and prevent a complete separation process. As a summary of this
explanation, the diagram in Fig. 4 is presented. It becomes clear from Fig. 4 that the T(pH) dependency is characterized
by a nonlinear trend. The same conclusion has been made by Maeda et al., who determined that such behavior for poly
(N-isopropyl-acrylamide-co-N-vinylimidazole), poly(N,N-diethylacrylamide-co-N-vinylimidazole) and poly(N-vinylcaprolactam-
co-N-vinylimidazole) copolymers yielded a sigmoidal curve [53,54]. The reason for such behavior could be found in the number
of forces and interactions that contribute to the association process, namely, the hydrophobic interactions between isopropyl
pendant groups, hydrogen bonds between the amine proton and carboxylic oxygen in the NIPAM units and the electrostatic
repulsion between charged imidazole-containing units. Thus, a gain or reduction in certain forces would define the general
behavior of the whole system and, as a consequence, the nonlinear character of the T(pH) curve. By attempt to figure out the
pH value, where significant change in character of T(pH) curve takes place, we made an extrapolation of linear parts of T(pH)
curve. Since at acidic pH’s the ionization of ImPM units should proceeds, we attribute the cross point of linear fits with a point,
when the electrostatic interaction start to play a crucial role in interchain association.

The transition temperature data obtained from dynamic light scattering intensity are presented in Fig. 4. One can note
that the transition temperature acquired from the DLS measurements are lower than those values determined from
the turbidity experiment. Such discrepancy is a general manifestation of the different sensitivities of the two methods.
The DLS measurements were performed over a broad temperature range below and above the CPT [55]. The results of these
experiments are presented in Fig. 5 and Figs. S2–S11 in Supporting materials.

Several things can be noted from Fig. 5. In agreement with the turbidity data, the diameter of the particles manifests the
existence of a threshold temperature above which the nanoparticle size grows approximately two orders of magnitude. The
threshold position (CPT) and the aggregate size are pH sensitive values. Below the CPT a distribution function over the relax-
ation times shows a bimodal distribution with a dominant fast mode (Figs. S2 and S3, S7–S10 in Supporting Materials).
Fig. 5. DLS data from polymer PC, where c = 4 mg/mL. Solid points were obtained from a Zetasizer Nano-ZS at h = 173�; open points were obtained from an
ALV set-up by extrapolation to a zero scattering angle, according to the procedure described in the Materials and methods.
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The apparent hydrodynamic diameter obtained by the extrapolation of relaxation times to a zero scattering angle has a value
of 6–10 nm and can be attributed to molecularly dissolved polymers. Dh values obtained from the single angle experiment
(Zetasizer Nano-ZS) and from the extrapolation to a zero scattering angle (ALV) have good agreement (Fig. 5). The slowmode
was attributed to a small fraction of aggregates that are present in the solution. Upon heating above the CPT, the distribution
functions over the relaxation times show the presence of a dominant slow mode (Figs. S4 and S11 Supporting Materials).
Because of significant multiple scattering, DLS experiments above the CPT were conducted with the Zetasizer Nano-ZS
set-up. The aggregate size above the CPT at a pH value of 8.9 more than two times exceeds the size of the same particles
at a pH value of 6.0. One can assume that because of strong repulsive electrostatic forces below pH 6.5, the polymer chains
start to phase separate at higher temperatures. Simultaneously, full-grown aggregates have smaller sizes at low pH values
because of the stabilization effect of the electrostatic forces between charges on the polymer chains. At this point in exper-
imentation, the role of hydrogen bonds in the association process was left undefined. To make it more clear, the heating and
cooling turbidity experiments were performed (see Fig. 3b). As is revealed, a hysteresis effect was observed for the cases of
high pH and pH values above pKa. The hysteresis is an effect that is typical for PNIPAM solutions, and it is usually attributed
to the formation of inter- and intra-molecule hydrogen bonds [55,56]. Thus, hydrogen bonds are preserved in the system
even when the polymer is partly charged (pH = 5.7). This effect may play a significant role in our depot drug delivery
strategy.

The important aspect of our strategy is the rate of pH-change-driven phase separation, which should be as fast as possible
in this case to assure immediate depot formation without an immediate washing-out effect. Another point is the rate of the
redissolution process that is responsible for polymer elimination from the organism after fulfilling its task (as we have pre-
viously shown with a radiolabeled polymer, the polymer depot gradually dissolves due to the continuous washing of the
depot with bodily fluids and the re-equilibration between the phase-separated and dissolved fractions of the polymer)
[24]. While the phase separation of N-isopropylacrylamide copolymers involved in this study is very fast (too fast to be mea-
sured by a benchtop UV–VIS spectrophotometer, data not shown), the redissolution may be substantially slower depending
on the rearrangement of hydrogen bonds and the entanglements of polymer chains.

It is unlikely that the use of a photobase is problematic because of the limited availability of suitable photobases that are
sufficiently hydrophilic to be water-soluble in this case, therefore, we can study the kinetics of redissolution upon acidifica-
tion using a photoacid after pulse laser irradiation. For example, the pH-jump can be induced by a proton release from
o-nitrobenzaldehyde after irradiation with a 355 nm pulse laser [13,14,57,58]. Redissolution may then be followed by
recording the scattered light intensity after irradiation. We have performed this experiment to have better insight into
crosstalk between pH and thermoresponsivity mainly as curiosity driven research, but these data are also relevant from
the practical point of view – temporary acidification in the depot site may occur if there will develop inflammation in the
tissue or after high physical exercise of the muscle, where acidification occurs due to partial switching to anaerobic lactic
acid metabolism. This may eventually lead to accelerated depot redissolution. As a preliminary study, Fig. 6 shows that a
1 s irradiation by a continuous UV source (Hamamatsu, LC8) was sufficient to completely dissolve the polymer. The redis-
solution process is very fast, so a pH-jump instrument using a nanosecond pulsed laser at 355 nm was built to study the
process quantitatively. As shown in Fig. 7, the redissolution kinetics is very fast, reaching equilibrium after less than
10 ms, which is very favorable for the intended use. The curve can be well fitted by a single-exponential function in the form
of I = 0.0075 + 0.92e�t/0.85 with a characteristic relaxation time s = 0.85 ms. Note that this fast relaxation process could not be
followed by a conventional stopped-flow method because of a dead time of 2–4 ms. Although the redissolution is so fast,
from the practical point of view, the pH drop necessary for redissolution (�3 pH units) is too big to take place even in the
case of local inflammation or heavy physical exercise. Therefore, this would be probably not a problem for the intended
use of our system.

However, disregarding our knowledge of solution behavior and the redissolution process in our depot formulation, the
real biological behavior may be obtained only from an in vivo animal experiment. Thus, the polymers were injected i.m. with
Fig. 6. Redissolution of the phase-separated polymer after acidification by the photoacid o-nitrobenzaldehyde and irradiation with a continuous UV source
(Hamamatsu, LC8), where the concentrations of the polymer and o-nitrobenzaldehyde were 1 mg/mL and 10 mM, respectively. The intensity and the
wavelength of the UV light were 20 mW/cm2 and 365 nm.
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Fig. 8. Plasma concentration of paliperidone palmitate with different formulations.

Fig. 7. Time dependence of the normalized scattered light intensities during the redissolution of the phase-separated polymer by a pH jump of �3 units at
35.0 �C, where the concentrations of the polymer and o-nitrobenzaldehyde were 2 mg/mL and 10 mM, respectively. The intensity of the 355 nm pulse laser
was 27 mJ.
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the model drug paliperidone palmitic acid salt (i.e., the salt, not the prodrug) in a rat animal model, and the ability of the
polymer depot to control the sustained release of the active component was compared to the commercial formulation using
the enzymatically activated paliperidone palmitic acid ester prodrug, which is known to cause local irritation.

All animals survived the entire study throughout a duration of 6 months without signs of toxicity or local inflammation.
During a histopathological evaluation of the injection site, no irritation or cyst formation was observed. No histopathological
changes were observed in the organs critical for this active pharmaceutical ingredient (adrenal glands, kidneys, mammary
glands, ovaria, spleen and hypophysis). Our PNIPAm-co-InPM-based formulation provides excellent control of a prolonged
release of paliperidone from the depot (see Fig. 8) with the same release rate as the commercial formulation that causes local
irritation. In contrast to the commercial brand, there was also no local irritation observed for our aqueous PNIPAm-co-InPM-
based formulation. Therefore, the same drug release profile is feasible with the salt of the active drug instead of the
enzymatically activated prodrug (with all its drawbacks related to fluctuating local enzymatic activity levels), which brings
among others very significant legislative benefits.

4. Conclusions

In this article, we describe a new approach to thermoresponsive polymer-based local depot formulations based on dual
pH- and temperature-responsive polymers. Injection is possible in the form of a solution at pH ca. 5 without the risk of injec-
tion needle obstruction, and a depot is formed at the application site upon heating to body temperature and the simultane-
ous pH increase to the physiological value of 7.4. An in vivo experiment with the polymer in PBS (pH = 5.0) and paliperidone
as a model drug showed excellent results regarding the release of the drug from the depot.
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