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4 ABSTRACT: Encapsulation of hydrophilic and amphiphilic drugs
5 in appropriate colloidal carrier systems for sustained release is an
6 emerging problem. In general, hydrophobic bioactive substances
7 tend to accumulate in water-immiscible polymeric domains, and
8 the release process is controlled by their low aqueous solubility and
9 limited diffusion from the nanocarrier matrix. Conversely, hydro-
10 philic/amphiphilic drugs are typically water-soluble and insoluble
11 in numerous polymers. Therefore, a core−shell approach
12 nanocarriers comprising an internal core and external shell
13 microenvironments of different propertiescan be exploited for
14 hydrophilic/amphiphilic drugs. To produce colloidally stable
15 poly(lactic-co-glycolic) (PLGA) nanoparticles for mitomycin C
16 (MMC) delivery and controlled release, a unique class of
17 amphiphilic polymershydrophobically functionalized polyelectrolyteswere utilized as shell-forming materials, comprising both
18 stabilization via electrostatic repulsive forces and anchoring to the core via hydrophobic interactions. Undoubtedly, the use of these
19 polymeric building blocks for the core−shell approach contributes to the enhancement of the payload chemical stability and
20 sustained release profiles. The studied nanoparticles were prepared via nanoprecipitation of the PLGA polymer and were dissolved in
21 acetone as a good solvent and in an aqueous solution containing hydrophobically functionalized poly(4-styrenesulfonic-co-maleic
22 acid) and poly(acrylic acid) of differing hydrophilic−lipophilic balance values. The type of the hydrophobically functionalized
23 polyelectrolyte (HF-PE) was crucial for the chemical stability of the payloadderivatives of poly(acrylic acid) were found to cause
24 very rapid degradation (hydrolysis) of MMC, in contrast to poly(4-styrenesulfonic-co-maleic acid). The present contribution allowed
25 us to gain crucial information about novel colloidal nanocarrier systems for MMC delivery, especially in the fields of optimal HF-PE
26 concentrations, appropriate core and shell building materials, and the colloidal and chemical stability of the system.

27 ■ INTRODUCTION
28 Encapsulation of bioactive hydrophilic or amphiphilic com-
29 pounds, that is, possessing both lipophilic and lipophobic
30 moieties, is an emerging problem. The aforementioned
31 molecules are very often water-soluble, making it difficult to
32 prepare stable dispersions in aqueous systems; moreover, in
33 contrast to hydrophobic drugs and chemotherapeutics, they are
34 more susceptible to chemical or enzymatic degradation, for
35 example, hydrolysis, leading to the loss of appropriate activity
36 or even the formation of toxic byproducts.1,2 Therefore, an
37 appropriate hydrophilic/amphiphilic nanocarrier should con-
38 sist of at least two different microenvironments of the utmost
39 character to provide both chemical stability of the drug and a
40 sustained release profile. The aforementioned requirements are
41 fulfilled for self-assembled structures, such as polymeric
42 micelles, polymersomes, and liposomes,2−4 as well as core−
43 shell nanocarriers composed (generally) of hydrophobic
44 internal cores stabilized by outer amphiphilic shell layers.1,5,6

45 The most common methods for the so-called core−shell
46 encapsulation are both physical (self-assembly in an appro-
47 priate selective solvent and nanoprecipitation) and chemical

48(polymerization of amphiphilic monomers or oligomers and
49cross-linking of self-assembled core−shell structures).2,8 Nano-
50precipitation (solvent displacement and interfacial deposi-
51tioncosolvent removal method) consists of a facile, mild,
52and low-energy process characterized by excellent reproduci-
53bility and high potential for upscaling toward industrial
54applications.9 The most important principle of this approach
55is the spontaneous emulsification of the organic internal phase
56with the aqueous external part.8,10 In general, the process of
57nanoprecipitation comprises nucleation, growth, and aggrega-
58tion, in which the driving force is supersaturation.11 The
59nucleation rate is dependent on the mixing of the aqueous and
60organic phases, leading to local supersaturation of the
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61 polymer.12 Generally, the aqueous phase (a liquid charac-
62 terized by high surface tension) tends to attract the
63 surroundings more strongly than an organic solvent (liquid
64 of a low surface tension). The diffusion of solvent molecules
65 occurs from the bulk organic phase (i.e., the area with low
66 surface tension), causing gradual precipitation, followed by the
67 formation of core−shell structures.13 Conversely, a similar
68 process can be driven by ultralow interfacial tension (i.e., when
69 the difference between the surface tensions of the two liquids is
70 close to zero or negligible) when an appropriate amphiphilic
71 substance is added to the aqueous phase. The gradual
72 replacement of the solvent between phases leads to the
73 formation of core−shell nanoparticles with internal subdo-
74 mains composed of organic solvent-soluble polymers and outer
75 layers of water-soluble materials (e.g., surfactants or
76 polymers).1,2,8 The aforementioned processes depend primar-
77 ily on the concentrations of both water and organic solvent-
78 borne materials, the rate of addition, and the speed of mixing.8

79 A unique feature of nanoprecipitation is the opportunity to
80 adjust the size and polydispersity of core−shell nanoparticles
81 by optimizing the concentration of polymers, their hydro-
82 phobicity molecular weight, and the process conditions.12

83 The design of an appropriate carrier for hydrophobic/
84 amphiphilic bioactive compounds should consider the
85 following points of interest: (i) the biodegradability, after
86 fulfilling their purposes, and biocompatibility of particular
87 building blocks; (ii) compatibility between particular building
88 blocks and the payload; (iii) the desired hydrodynamic
89 diameters of nanocarriers; (iv) the type and concentration of
90 the amphiphilic stabilizing shell material; and (v) the stability
91 of the payload in carrier microenvironments.1,2,8,14 A very
92 important group of building blocks for nanocarriers consists of
93 biodegradable, synthetic polyesters, such as polycaprolactone
94 (PCL), polylactide (PLA) and its tactic stereoisomers [poly L-
95 lactide , poly D-lactide, and poly D,L-lactide], poly(lactide-co-
96 glycolide) (PLGA), and polyhydroxybutyrate. These polymers
97 and their derivatives, such as block copolymers with poly-
98 (ethylene oxide) chains, have been extensively studied for
99 biomedical applications.15,16 In contrast to biopolymer syn-
100 thesis, further modification/functionalization of the aforemen-
101 tioned polyesters is easily tunable, especially in their mean
102 molecular weight and their distribution, as well as ending
103 groups. It should be noted that due to the structure comprising
104 repeating units of shorter or longer hydrocarbon chains
105 separated by ester bonds, these could be compatible with
106 hydrophilic, hydrophobic, and amphiphilic payloads, while
107 products of their biodegradation/hydrolysis constitute non-
108 toxic hydroxycarboxylic acids.2,17,18 Good compatibility with
109 different bioactive compounds makes synthetic polyesters good
110 candidates for nanocarrier preparation. It should be noted that
111 the properties of polyesters, including their mean molecular
112 weight, hydrophobicity, and drug loading capacity, can be
113 tuned via modification of the synthesis conditions.17 One of
114 the most important drawbacks of synthetic polyester usage as
115 nanocarriers is their colloidal instability in aqueous systems
116 due to their complete aqueous insolubility, their water
117 dispersions tend to aggregate and undergo sedimentation.8

118 To prevent the aforementioned unwanted processes, synthetic
119 polyesters can be either chemically bonded to hydrophilic
120 polymers [especially poly(ethylene oxide)] or nanoprecipitated
121 via water into colloidally stable core−shell type dispersions.1,8
122 The first approachpreparation of polymeric micelles/nano-
123 particles of block copolymershas numerous drawbacks,

124including poor control over their sizes, which are mostly
125dependent on the length of particular polymeric blocks. Core−
126shell nanoprecipitation allows for obtaining both electrically
127charged (i.e., stabilized by ionic surfactants or polyelectrolytes)
128and neutral (i.e., using a shell layer built of noncharged
129polymers or other amphiphilic substances) controlled
130dimensions and morphology.19

131The design of our system, that is, PLGA nanoparticles
132stabilized by hydrophobically functionalized polyelectrolytes
133(HF-PEs) as an efficient delivery system for mitomycin C
134(MMC), comprised the use of biocompatible and biodegrad-
135able building blocks. Traditional stabilizing materials for
136nanoparticles, that is, surfactants, polyelectrolytes and water-
137soluble polymers, might not be sufficiently stably anchored to
138the surfaces of nanoparticles, leading to fast desorption,
139followed by nanoparticle agglomeration and sedimenta-
140tion.19−22 Therefore, our nanocarrier system is stabilized by
141a novel class of amphiphiles: hydrophilically functionalized
142polyelectrolytes with alkyl side chains attached to the backbone
143via labile chemical bonds, combining the advantages of both
144surfactants (amphiphilic structure and easy and stable
145adsorption on interfaces) and polyelectrolytes (stabilization
146by strong electrostatic and repulsive forces and low depend-
147ence on concentration changes or dilution).16,20 It should be
148emphasized that labile linking groups (ester or amide) between
149hydrophobic side chains and the polyelectrolyte backbone
150allow for biodegradation or chemical hydrolysis of the
151aforementioned compound, leading to the loss of its amphipilic
152character, thus reducing the risk of harmful behavior during
153systemic circulation. Moreover, in contrast to nonhydrophobi-
154cally functionalized polyelectrolytes, as well as low-molecular-
155weight surfactants, our derivatives might effectively stabilize
156nanoparticles even at very low concentrations.23,24

157We used MMC as a model drug during this study. MMC is
158an antineoplastic, antifibrotic,25 and antibiotic moderately
159water-soluble antiproliferative bifunctional alkylating agent that
160inhibits DNA synthesis by bonding to DNA chains.26 This
161chemotherapeutic is widely used for the treatment of solid
162tumors, such as carcinomas of the breast, esophagus, cervix,
163and bladder.27 MMC administered in a free form (e.g.,
164subcutaneous injection) is excreted from the body in a very
165short period of time.28 Therefore, to provide the prolonged
166therapeutic effect of the drug, it is necessary to design and
167apply drug delivery systems that are capable of sustained drug
168release.
169Hydrophobically functionalized derivatives of poly(acrylic
170acid) (PAA) and poly(4-styrenesulfonic-co-maleic acid)
171comprise a novel group of amphiphilic polymers with a
172negatively charged, water-soluble backbone and alkyl side
173chains, bearing an increment of hydrophobic character. Such a
174structure comprises a unique possibility of combining proper-
175ties connected with the polymeric character (long backbone)
176and surfactant-like building blocks (amphiphilic units within
177one macromolecule) as well as high potential for hydrophilic−
178lipophilic balance (HLB) modification by changing the grafting
179ratio or alkyl side chain length. Therefore, in order to compare
180different HF-PEs, we have calculated HLB values for the
181studied amphiphiles using the conventional Davis expanded
182scale (utilizing positive or negative increments of particular
183chemical motifs) and the universal McGowan scale, allowing
184calculation based only on the averaged number of particular
185atoms and bonds within the chemical structure. It should be
186noted that such an approach is not limited only to low-
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187 molecular-weight surfactants but may be also utilized for a very

188 broad group of organic compounds, when their amphiphilic

189 character is negligible or their mean molecular weight is high.

190 Moreover, it should be noted that the choice of backbone-
191 forming polyelectrolytes is supported by numerous studies on

192their usefulness toward biologically active compound carrier
193systems.
194The aim of this work was to design, prepare, and carefully
195study the usefulness of PLGA nanoparticles stabilized by HF-
196PEs of different hydrophobicities and structures as nanocarriers
197for MMC delivery. The major points of interest were

Table 1. Structures and Properties of the Studied Hydrophobically Modified Polyelectrolytes, Hydrophobic Polymer (PLGA),
and Drug (MMC)

aCalculated according to the Davis expanded scale.29 bCalculated according to the universal McGowan scale.30
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198 optimization of HF-PEs [namely, PSS-MA-g-C16OH (15%),
199 PSS-MA-g-C16NH2 (15%), PAA-g-C16OH (15%), or PAA-g-

t1 200 C12OH (40%)see Table 1 for their structures and
201 characteristics] concentrations, colloidal stability [assessed
202 using dynamic light scattering (DLS) and zeta potential
203 measurements], and morphology [scanning electron micros-
204 copy (SEM) and transmission electron microscopy (TEM)] of
205 the obtained nanocarriers, and chemical stability of the payload
206 in carrier system microenvironments and its sustained release
207 (UV−vis spectrometry). To systematically describe and
208 investigate the solubility parameter (δ) of the studied systems,
209 including their dispersion forces (δd), polar forces (δp), and
210 hydrogen bonding (δh) increments, the Flory−Huggins
211 interaction parameter (χ) and kinetic constants for release
212 profiles were assessed according to different models and
213 compared with experimental properties. Our complex studies
214 showed the usefulness of the core−shell approach for MMC
215 delivery and indicated the most crucial points of interest for
216 colloidal and chemical systems. The main aim of the study is

s1 217 shown in Scheme 1.

218 ■ EXPERIMENTAL SECTION
219 Materials. All of the reagents were used as received. PLGA (Mw =
220 45−70 kDa; LA/GA = 65:35), poly(4-styrenesulfonic-co-maleic acid)
221 sodium salt (PSS/MA) (Mw = 20 kDa, styrenesulfonic acid/maleic
222 acid = 1:1), PAA (Mw = 100 kDa, 35 wt % in H2O), and coupling
223 agents [N,N′-dicyclohexylcarbodiimide (DCC), 4-N,N′-dimethylami-
224 nopyridine (DMAP), and N-hydroxysuccinimide (NHS)] were of
225 reagent grade and obtained from Sigma-Aldrich (Burlington, MA,
226 USA). Fatty alcohols (dodecanol and hexadecanol) and hexadecyl-
227 amine were all of reagent grade (purity > 96%) and obtained from
228 Fluka (Morristown, NJ, USA). All of the solvents used were of reagent
229 or analytical grade and purchased from Avantor Performance
230 Materials (Gliwice, Poland) or Molar Chemicals Kft (Halaśztelek,
231 Hungary). The water used in all of the experiments was doubly
232 distilled and purified by means of a Millipore (Bedford, MA, USA)
233 Milli-Q purification system.
234 Synthesis of Hydrophobically Functionalized Poly-
235 (styrenesulfonic-co-maleic Acid). Hydrophobically (hexadecyl
236 side chains, 15% nominal degree of hydrophobization per carboxylic
237 acid group) functionalized poly(4-styrenesulfonic-co-maleic acid) with
238 ester or amide linking groups was synthesized under Steglich
239 conditions. Briefly, 5 g (27.3 mmol of COOH groups) of poly(4-
240 styrenesulfonic-co-maleic acid) sodium salt was dissolved in 80 mL of
241 anhydrous dimethyl sulfoxide (DMSO) upon gentle heating. After
242 cooling to room temperature, appropriate amounts of hexadecanol or

243hexadecylamine (4.9 mmol; 1.19 g or 1.18 g) and coupling agents
244[DCC, 5.0 mmol, 1.03 g and NHS, 5.0 mmol, 0.58 g (only for
245hexadecylamine)] and catalytic amounts of DMAP were added. The
246mixture was stirred at room temperature for 48 h, followed by
247filtration to remove the byproduct (N,N′-dicyclohexylurea). The
248obtained filtrate was dialyzed against distilled water (4 dm3changed
249four times, 3 days, MWCO 3500), while the product was isolated by
250freeze-drying.
251Synthesis of Hydrophobically Functionalized PAA. Solid
252PAA was obtained by freeze-drying its 30% solution in water
253(purchased from the supplier). Five grams (69.45 mmol of COOH
254groups) of PAA was dissolved in a minimal amount of anhydrous
255DMSO (approximately 90−100 mL), followed by the introduction of
256an appropriate fatty alcohol [27.8 mmol (5.18 g) of dodecanol or 10.4
257mmol (2.52 g) of hexadecanol], a coupling agent [DCC, 33.35 mmol
258(6.87 g) or 12.5 mmol (2.58 g) for dodecanol or hexadecanol,
259respectively], and a catalytic amount of DMAP. The reaction mixture
260was stirred at room temperature for 72 h, followed by filtration to
261remove the byproduct (N,N′-dicyclohexylurea). The obtained filtrate
262was dialyzed against distilled water (4 dm3changed five times, 4
263days, MWCO 3500), while the product was isolated by freeze-drying.
264Preparation of PLGA Nanoparticles Stabilized by HF-PEs.
265Briefly, PLGA was dissolved in acetone at a concentration of 10 mg/
266mL. The obtained organic solution was dropwise added to an
267appropriate solution of the HF-PE (room-temperature stirring at 850
268rpm) to obtain a dispersion of PLGA nanoparticles (final
269concentration of the PLGA polymer2 mg/mL). The acetone was
270removed by overnight stirring at room temperature. Mitomycin-
271loaded PLGA nanoparticles were prepared using two different
272approaches with drug molecules dissolved in the organic (acetone)
273or aqueous phase. The first method consisted of dissolving PLGA and
274MMC in acetone at concentrations of 10 and 1 mg/mL, respectively.
275The obtained organic solution was dropwise added to an appropriate
276solution of the HF-PE (room-temperature stirring at 850 rpm) to
277obtain a dispersion of PLGA nanoparticles (final concentration of the
278PLGA polymer2 mg/mL). The second method constituted the
279preparation of PLGA solution in acetone (10 mg/mL) and its
280dropwise addition to water containing appropriate amounts of the
281HF-PE and mitomycin (0.2 mg/mL). The suspension was stirred
282(850 rpm) at room temperature. For both approaches, acetone was
283removed by overnight stirring at room temperature.7

284Solubility and Miscibility Parameters of PLGA and
285Mitomycin. The solubility parameters (δd) for the studied drug
286(MMC) and appropriate polymers (δp) were calculated using the
287Hoftyzer−van Krevelen’s group increment method.31 The compo-
288nents of dispersion forces (δd), polar forces (δp), and hydrogen
289bonding (δh) for the solubility parameters were assessed using both
290the Hoftyzer−van Krevelen and Hoy approaches

Scheme 1. Graphical Representation of the Performed Studies
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292 The calculated values of the solubility parameters of drugs and
293 polymer matrices were used to calculate the miscibility parameter
294 (Flory−Huggins interaction parameterχ)

weight of Photofrin II in micelles
weight of micelles

100%χ = ·
295 (2)

296 V denotes the molar volume of the studied drug or a single mer (for
297 the polymer), R is the universal gas constant, and T is the standard
298 temperature in degrees kelvin (298 K). Since the value of the
299 miscibility parameter between two components is lower, the
300 formation of a stable solution or a blend is more likely.
301 Characterization of PLGA Nanoparticles. DLS and zeta (ξ)
302 potential studies were performed using a HORIBA SZ-100 nano-
303 particle analyzer (Retsch Technology GmbH, Germany) at a constant
304 temperature (25 °C) using laser light (λ = 532 nm, 10 mW), and the
305 given values of the solvent viscosity and refractive index (water at 25
306 °C; 0.8900 mPa·s and 1.3337, respectively) were obtained. The
307 detector scattering angle was chosen automatically during the
308 measurement (at 90° or at 173° for the backscattering mode). To
309 obtain the particle size distribution, the software uses the cumulant
310 method for calculation, and then, the histogram method is applied to
311 obtain the mean and standard deviation of the distribution function
312 from the average of at least five separate measurements from each
313 sample. Electrophoretic mobility was used for ξ potential determi-
314 nation, and each measurement was performed at least five times.
315 For the determination of the percentage drug loading (DL %) and
316 the encapsulation efficiency (EE %), the absorbance spectra of the
317 encapsulated drug (MMC) were recorded via spectrophotometric
318 measurements in a range of 200 to 600 nm with the use of a UV-1800
319 (Shimadzu) double beam spectrophotometer with a 1 cm quartz

320cuvette. The calibration curve (maximum at 354 nm) was recorded in
321Milli-Q water. Briefly, a suspension of nanoparticles was placed in
322Eppendorf vials (volume-2 mL) and centrifuged (14,500 rpm, 30
323min), followed by 30-fold dilution of the supernatant with distilled
324water to record UV−vis spectra with the maximal absorbance less
325than approximately 1. The precipitate was redispersed in a certain
326volume of distilled water (2 mL), centrifuged, and analyzed to
327determine the concentration of MMC; no significant signal was found
328at 354 nm. The well-known DL % and EE % values were calculated
329using eqs 1 and 2, respectively

DL %
encapsulated mass of drug

total mass of the nanoparticles
=

330(3)

EE %
encapsulated mass of drug

total mass of the drug in the synthesis
=

331(4)

332For samples 1 and 2, values of EE % and DL % were calculated
333according to deconvoluted data for a maximum at 359 nm, whereas
334the main peak at 310 nm was identified as products of mitomycin
335chemical degradation.
336The morphologies and particle sizes of the samples were examined
337using field emission SEM (Hitachi S-4700 microscope, Tokio, Japan)
338and TEM (FEI Tecnai G2 20 X-Twin, Hillsboro, Oregon, USA). For
339SEM analysis, a secondary electron detector and a 10 kV acceleration
340voltage were applied. Prior to the measurement, suspensions of
341samples (2 mg/mL PLGA nanoparticles) were placed on the carbon
342film, followed by drying at room temperature, and covering with gold.
343Prior to TEM analysis, the samples were diluted 10-fold with distilled
344water and placed on a copper grid coated with a 3 mm-diameter
345carbon film (CF200-Cu, electron microscopy sciences, USA),
346followed by drying at room temperature for 24 h. The transmission

Figure 1. Sizes (black squares) and zeta potentials (blue circles) of PLGA nanoparticles stabilized with HF-PEs: (a) PSS-MA-g-C16OH (15%), (b)
PSS-MA-g-C16NH2 (15%), (c) PAA-g-C16OH (15%), and (d) PAA-g-C12OH (40%). Note that the PSS-MA-g-C16OH (15%) polymer is the most
hydrophilic (i.e., the highest HLB value), while the PAA-g-C12OH (40%) polymer is the most hydrophilic (i.e., the lowest HLB value). Green
rectangles mark the maximal optimal concentrations for each HF-PEminimal value of zeta potentials and stabilization of size.
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347 electron microscope was operated at an acceleration voltage of 120
348 kV.32,33

349 In Vitro Release of MMC from PLGA Nanoparticles. The in
350 vitro drug release experiments were conducted in phosphate-buffered
351 saline (PBS, pH = 7.4, 0.9 w/w % NaCl) at 37 °C using a
352 semipermeable cellulose membrane (Sigma-Aldrich, MWCO 12−14
353 kDa). Samples were obtained for measurement (UV−vis) at constant
354 periods of time. Free mitomycin was dissolved in PBS prior to placing
355 in dialysis tubing at the desired concentration. The volume of the
356 release medium was kept constant during the measurements. The
357 concentration of MMC in the release medium was determined using
358 calibration curves (Figure S1) in PBS. The obtained release profiles
359 were fitted to different models (Korsmeyer−Peppas, Weibull, and
360 Peppas−Sahlin) according to refs 34 and 35.

361 ■ RESULTS AND DISCUSSION

362 Preparation and Physicochemical Characterization of
363 PLGA NanoparticlesInfluence of the HF-PE Concen-
364 tration. Newly synthesized hydrophobically functionalized
365 poly(4-styrenesulfonic-co-maleic acid) and PAA were utilized
366 for stabilization of the PLGA nanoparticles. The aggregation
367 behavior of the aforementioned compounds was carefully
368 studied in our previous papers.23,24 Briefly, hydrophobically
369 functionalized poly(4-styrenesulfonic-co-maleic acid) with
370 ester linking groups [e.g., PSS-MA-g-C16OH (15%)] is more
371 flexible than the analogue derivative with amide bonds [e.g.,
372 PSS-MA-g-C16NH2 (15%)] and is prone to self-assembly into
373 aggregates of a diameter of approximately 8 nm at certain
374 concentrations (approximately 22.5 mg/mL: for lower and
375 higher concentrations, only small internal micelle-like objects
376 are observablesee Figure 2 in ref 23). Hydrophobically
377 functionalized PAA tends to form larger aggregates (hydro-
378 dynamic diameter greater than 5 nm) only at extremely high
379 concentrations exceeding 100 mg/mL, and they are completely
380 useless for the fabrication of core−shell nanoparticles using a
381 nanoprecipitation approach. Therefore, we studied the
382 formation of nanoparticles in hydrophobically functionalized
383 poly(4-styrenesulfonic-co-maleic acid) derivatives at concen-
384 trations ranging from 0.1 to 22.5 mg/mL, while for
385 hydrophobically functionalized PAA, the maximal concen-
386 tration was set to be 10 mg/mL. According to the
387 literature,19,36,37 the final concentration of the PLGA nano-
388 particle dispersion was tuned to be 2 mg/mL to achieve an
389 appropriate loading content for mitomycin and avoid nano-
390 particle sedimentation, while the organic phase comprised an
391 acetone solution of the hydrophobic polymer at a concen-

392tration equal to 10 mg/mL. It should be noted that the studied
393colloidal systems were prepared in pure, deionized water to
394avoid unwanted processes, connected to the influence of ionic
395strength, especially “salting out” effects on HF-PE macro-
396molecules,24 as well as the formation of very large nano-
397particles for high salinity of the solution.36

398The optimization studies comprised finding the most
399appropriate concentration of each HF-PE [PSS-MA-g-C16OH
400(15%), PSS-MA-g-C16NH2 (15%), PAA-g-C16OH (15%), or
401PAA-g-C12OH (40%)] for superior nanoparticle character-
402ization: a minimal value of the zeta potential (for negatively
403charged particles greater than −30 mV or, preferably, less than
404−50 mV; responsible for colloidal stability via electrostatic
405repulsion) and nearly stable hydrodynamic diameters with
406 f1decreasing concentrations (see Figure 1 and Table S1 in the
407Supporting Information). For PSS-MA-g-C16OH (15%), PSS-
408MA-g-C16NH2 (15%), and PAA-g-C16OH (15%), the optimal
409concentration was found to be 0.5 mg/mL, while for PAA-g-
410C12OH (40%), it was 1 mg/mL. It should be noted that pure
411polyelectrolytes and their hydrophobized derivatives showed
412zeta potentials of approximately 0 mV due to dynamic changes
413in their conformation and the formation of a nonstable
414interface.39−41 These phenomena were in good agreement with
415our previous findings obtained using 1H NMR investigations
416only internal micelles (hydrodynamic diameter of ca. 1−2 nm)
417were found to be present for broad concentration ranges, but
418their dimensions were insufficient for measurable values of the
419zeta potential and observable electrostatic interactions.23,24

420Conversely, the aforementioned functionalized polyelectrolytes
421were found to efficiently adsorb at hydrophobic/hydrophilic
422interfaces, leading to their stabilization via electrostatic
423repulsion. The higher value of the optimal concentration for
424PAA-g-C12OH (40%) in comparison to that of other HF-PEs is
425connected to its lowest HLB (see Table 1)the aforemen-
426tioned compound is too hydrophobic and thus cannot
427sufficiently stabilize nanoparticles via electrostatic repulsive
428forces at low concentrations. In general, samples were found to
429be stable at very broad concentration ranges, even exceeding
430the optimal values of HF-PEs. Samples containing PSS-MA-g-
431C16OH (15%) at a concentration of 22.5 mg/mL were found
432to be unstable, in contrast to the system stabilized by PSS-MA-
433g-C16NH2 (15%). According to our previous studies,23 the
434findings are in good agreement with the aggregation behavior
435of PSS-MA-g-C16OH (15%)macromolecules prefer to form
436larger inter and intramolecular aggregates instead of adsorption

Figure 2. Schematic representation of surface self-organization of HF-PEs.
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437 on PLGAand the water interface and stabilization of
438 nanoparticles. Recalling our previous studies upon HF-
439 PEs,23,24 for lower concentrations of PSS-MA-g-C16OH
440 (15%) and other HF-PEs, only the formation of small so-
441 called internal micelles (diameters of approximately 1−2 nm)
442 was observed, so the potential for interfacial stabilization was
443 maintained.
444 The mean diameters of the obtained PLGA nanoparticles
445 were strongly dependent on the concentration of HF-PEs: for
446 the highest concentrations (10−22.5 mg/mL), the hydro-
447 dynamic diameters varied from approximately 400−450 nm for
448 hydrophobically functionalized PAA to approximately 300 nm
449 for PSS-MA-g-C16OH (15%) and PSS-MA-g-C16NH2 (15%),
450 while for the lowest and the optimal concentrations, the mean
451 sizes were approximately 150−200 nm [hydrophobically
452 functionalized poly(4-styrenesulfonic-co-maleic acid)] or

f2 453 200−250 nm (derivatives of PAA)see Figure 2 and Table
454 S1. The aforementioned effect is most likely connected to the
455 kinetics of the process: fast and chaotic adsorption in a
456 concentrated solution of the HF-PE (i.e., concentrations
457 exceeding 1 mg/mL for PAA derivatives and 3 mg/mL for
458 hydrophobically functionalized PSS-MA) results in the
459 formation of large and insufficiently covered polyelectrolyte
460 nanoparticles. It should be emphasized that nonfunctionalized
461 polyelectrolytes or noncharged polymers, such as PAA or
462 poly(vinyl alcohol), are needed at concentrations exceeding
463 around 5 mg/mL in order to obtain PLGA nanoparticles of
464 comparable characteristics (i.e., mean hydrodynamic diameters
465 of ca 100−150 nm).36 This effect is especially visible for the
466 most flexible PAA derivatives (ester bonds and only carboxylic
467 acid groups, exhibiting low steric effects)these findings
468 correspond with relatively low values of zeta potentials for
469 these samples (typically between −10 and −30 mV). In
470 contrast, a lower concentration of the hydrophobized
471 polyelectrolyte (especially around the optimal value) allows
472 for slower and more controlled adsorption on the newly
473 formed interface, leading to better covering with HF-PEs,
474 lower hydrodynamic diameters (150−250 nm), and higher
475 values of zeta potentials [up to approximately −90 mV for
476 PLGA nanoparticles stabilized by PSS-MA-g-C16OH (15%) at
477 concentrations less than 1 mg/mL)] Similar effects (depend-
478 ence of the hydrodynamic diameter on the concentration of
479 the stabilizing polymer) were observed for PLGA nanoparticles
480 stabilized by the polyelectrolytes: PAA and poly-
481 (styrenesulfonic acid),19 as well as noncharged poly(vinyl
482 alcohol).36 It should be emphasized that minimal (i.e.,
483 optimal) values of zeta potentials reached approximately −85
484 mV or were even lower only for moderately hydrophobic
485 derivatives [HLB (Davis) ∼ 31, HLB (McGowan) ∼ 12] of
486 PSS-MA. More hydrophobic (HLB ∼ 5−7, regardless of the
487 calculation method) functionalized PAAs allowed for values of
488 minimal zeta potentials of ca. −60 mV to be reached.
489 Moreover, PAA-g-C12OH (40%)the most hydrophobic
490 HF-PE (HLB < 6)showed a minimal value of zeta potentials
491 for its concentration equal to 1 mg/mL in contrast to other
492 studied compounds (the optimal value of zeta potentials for
493 0.5 mg/mL). The colloidal stability of the obtained systems
494 has been proved using DLS and zeta potential measurements
495 during storage for at least 5 days (see Figures S3 and S4 and
496 Table S1). The aforementioned findings might indicate that
497 the mechanism of the modified polyelectrolyte adsorption
498 comprises a few steps (see Figure 2): (i) anchoring of the HF-
499 PE at the PLGA−water interface; (ii) adsorption of the

500modified polyelectrolyte at the nanoparticle surface; and (iii)
501self-organization of the macromolecules to minimize the
502contact of ionizable groups with hydrophobic fragments.
503It seems that the first step is the fastest and depends mostly
504on the presence of hydrophobic groups in the polyelectrolyte
505structure, regardless of their amount in the macromolecule.
506Only a small number of such anchoring points per HF-PE
507molecule is sufficient for further stability, covering the PLGA−
508water interface (polyelectrolytes with 15% hydrophobization
509and higher HLB values were found to form nanoparticles of
510lower zeta potential values, i.e., more stable ones). The
511following processes are much slower than anchoring and are
512generally more efficient for stronger electrolyte groups (e.g.,
513sulfonate) than for weaker electrolyte groups (e.g., carbox-
514ylate).
515Numerous macromolecules or low-molecular-weight amphi-
516philic compounds could be used for the stabilization of
517hydrophobic polymer-borne colloidal nanoparticles. In general,
518the aforementioned colloidal systems comprise core−shell
519structures with hydrophobic, solid cores and stabilizing shell
520layers of hydrophilic or (better) amphiphilic characteristics.
521For drug delivery systems, biocompatible and biodegradable
522polymers are used as hydrophobic matrices, such as different
523polyesters [PLA, PLGA, and PCL], some polysaccharides
524(chitosan), and proteins [poly(glutamic acid)]. In contrast,
525typical stabilizing agents, such as surfactants [e.g., bis(2-
526ethylhexyl) sodium sulfosuccinate], nonionizable polymers
527[e.g., poly(vinyl alcohol)], or polyelectrolytes [e.g., PAA or
528poly(styrenesulfonic acid)], lead to the formation of unstable
529colloidal systems.19 Moreover, some of them have not yet been
530fully tested for biomedical applications (especially synthetic
531polyelectrolytes) and must be used at high concentrations
532(e.g., greater than 2 mg/mL) to provide sufficient colloidal
533stability, especially when relatively low-molecular-weight
534compounds are used.36,37 The mechanism of the aforemen-
535tioned core−shell nanostructure formation comprises adsorp-
536tion of the stabilizing agent (especially the water-soluble
537polymer) at the hydrophobic polymer/aqueous solution
538interface. This process is reversible, so desorption of the
539solubilizing agent can also occur, leading to unwanted
540processes, such as agglomeration, sedimentation, and finally
541destabilization of the colloidal system. Considering these
542drawbacks, a unique class of HF-PEs were carefully studied as
543stabilizing materials for PLGA nanoparticles as mitomycin
544carriers. The aforementioned compounds comprise both
545ionizable groups, for example, carboxylic acid or styrenesulfo-
546nate moieties, and shorter or longer hydrophobic side chains.38

547Charged groups are responsible for stabilization by repulsive
548electrostatic forces, while hydrophobic side chains can anchor
549to the surfaces of hydrophobic nanoparticles and provide
550additional attractive interactions between polyelectrolytes and
551core-forming materials. Conversely, these side chains can also
552sterically stabilize the charged particles, further increasing the
553stability of the particles.
554PLGA and Mitomycin Solubility and Miscibility
555Studies. The compatibility between the drug molecule and
556the polymeric matrix could be assessed by means of solubility
557(δ) and Flory−Huggins interaction (miscibility) parameters
558(χ).14 Although the calculation of solubility and miscibility
559parameters for polymers considers only a single building unit
560(mer), there exists a nondirect correlation between the
561molecular weight and the capacity of the host polymeric
562matrix. Generally, with the increasing polymer molecular
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563 weight, the solubility of drug molecules in the polymeric matrix
564 also increases, especially for moderate values of the Flory−
565 Huggins interaction parameter. This effect is possibly
566 connected to the growing probability of forming different
567 subdomains with the increasing polymer chain length.46 These
568 parameters have been found to play an important role in the
569 prediction of the aqueous and micellar solubility of the drug,47

570 release profiles,48,49 solubilization locus within nanocar-
571 riers,18,46 and thermodynamic properties of drug−polymeric
572 matrix systems.49,50 Compatibility and solubility parameter
573 studies might enable us to distinguish two possibilities of
574 interaction between the drug and the host polymeric matrix:
575 molecular dissolution of the payload in the polymer for
576 systems with high compatibility or accumulation of the drug
577 molecules at the external or internal interfaces (e.g., borders
578 between crystalline and amorphous subdomains or the highly
579 developed porous external layer of the polymer) when the
580 compatibility degree is insufficient.18 Generally, for systems
581 with equal degrees of hydrogen bonding, an ideal miscibility is
582 assumed for χ < 0.5, but complete immiscibility occurs when
583 the absolute difference between the drug and the polymer
584 exceeds 10 MPa0.5.31

585 The aforementioned requirements are roughly fulfilled for
586 MMC in the PLGA matrix: the difference in the hydrogen
587 bonding increment is smaller than 3 MPa0.5 for both Hoy’s and
588 Hoftyzer−van Krevelen’s models. According to the calculated

t2 589 values of solubility and miscibility parameters (see Table 2),

590 MMC is compatible with PLGAχ values are lower than 0.5
591 (all the studied approaches: Hoy, Hoftyzer−van Krevelen, and
592 cohesive energy by Fedors). These results indicate that
593 mitomycin molecules are solubilized within nanoparticles
594 cores. Similar observations were obtained for hexadecafluoro
595 zinc(II) phthalocyanine in methoxypoly(ethylene oxide)-b-
596 poly(L-lactide) micelles [the solubilization locus is outside the
597 core despite high hydrophobicity of the payload due to high
598 incompatibility with poly(L-lactide) chains]15 as well as tetra
599 tert-butyl zinc(II) phthalocyanine in methoxypoly(ethylene
600 oxide)-b-poly(D,L-lactide) and in methoxypoly(ethylene
601 oxide)-b-PCL micelles18 (in particular, accumulation of
602 phthalocyanine molecules at the boundary between the two
603 subdomains of different flexibilities, situated within the
604 hydrophobic micelle core). Numerous drug delivery systems,
605 including polymeric micelles and nanoparticles, layer-by-layer
606 nanocapsules, and other core−shell structures, consist of
607 hydrophilic external layers to prevent opsonization.1,2 Such an
608 approach very often includes the use of amphiphilic blocks or
609 grafted copolymers, with hydrophilic fragments comprising
610 appropriate water miscible fragments, for example, poly-
611 (ethylene oxide), and hydrophobic or amphiphilic blocks,

612enabling anchoring to the carrier. The hydrophobic fragment
613of the amphiphilic copolymer should be compatible with the
614polymeric material, constituting a host space for drug
615molecules.46 Conversely, core−shell-type nanoparticles should
616possess an internal polymeric structure of very good
617compatibility with the drug to provide optimal characteristics
618of the aforementioned nanocarrier (controlled release profiles,
619appropriate colloidal and chemical stability, and low
620susceptibility to unwanted processes during systemic circu-
621lation).1 Based on the above, our systemcore−shell
622nanoparticles with an internal PLGA matrix as the host
623material for MMC stabilized by HF-PEsfulfills the
624aforementioned requirements: the core material is highly
625compatible with the drug, while the shell-forming polymer is
626charged to provide stabilization.
627Solubility parameters (δ) could be utilized in an increasing
628number of scientific and engineering fields for estimating
629interaction capacities and solubilities between various organic
630liquids, polymers, and even some solids.42−45 The solubility
631parameter and its increments describing dispersion forces (δd),
632polar forces (δp), and hydrogen bonding (δh) were introduced
633to predict the solubility of different polymers in organic
634solvents, as well as the possibility of polymer blend
635formation.31 The most important advantages of solubility
636parameter usage comprise their universal character (applicable
637for liquid, gaseous, and solid organic substances), the
638possibility of their determination utilizing both experimental
639(analysis of thermodynamic properties and molecular model-
640ing) and theoretical (group increment methods) approaches as
641well as their simple combination with other physicochemical
642parameters (cohesive energy, heat of vaporization, etc.).
643Recently, solubility parameters have been used to predict the
644formation of cocrystals45 and amorphous solids,43,44 inter-
645actions between active pharmaceutical ingredients and carrier
646materials,46 and the internal structures of polymeric micelle
647cores loaded with zinc(II) phthalocyanine derivatives.18

648Mitomycin-Loaded PLGA NanoparticlesSynthesis
649and Characterization. An ideal nanocarrier should be
650colloidally stable, provide chemical stability of the payload,
651and control its release upon arrival at the place of action or
652during systemic circulation. In general, the first feature is
653directly or indirectly measured using various techniques (e.g.,
654DLS, atomic force microscopy, SEM, and TEM) and described
655by parameters, such as hydrodynamic diameter, dry-state size,
656polydispersity, or zeta potential.
657Our investigations included the preparation of PLGA
658nanoparticles stabilized by PAA-C12OH (40%) at a concen-
659tration of 1 mg/mL and PSS-MA-C16OH (15%) at a
660concentration of 0.5 mg/mL by dissolving MMC in both
661water or acetone (systems 1 and 2, as well as systems 3 and 4,
662 f3respectively, in Figure 3). Recalling the preparation method-
663ology (see the Experimental section) systems 2 and 4 were
664prepared by dissolving both MMC and PLGA in acetone,
665followed by dropwise addition into water containing the HF-
666PE. Systems 1 and 3 were prepared in the following manner:
667MMC and HF-PE were dissolved in water, followed by the
668introduction of PLGA solution in acetone. All of the studied
669systems were characterized by mean diameters of approx-
670imately 150−175 nm (systems 1 and 2) and approximately 130
671nm (systems 3 and 4), as well as a reasonably low
672polydispersity (less than 0.3)see Figure 3. Loading of
673PLGA nanoparticles with MMC has a negligible effect on their
674zeta potential values [ca −60 mV and ca. −80 mV for PAA-

Table 2. Solubility (δ) and Miscibility (χ) Parameters of
PLGA and Mitomycin

mitomycin PLGA

δd δp δh δd δp δh

MPa0.5 MPa0.5 MPa0.5 MPa0.5 MPa0.5 MPa0.5 χ

Hoy’s Method
13.0 15.0 12.7 14.1 13.7 10.0 0.24

Hoftyzer−van Krevelen’s Method
21.7 7.4 13.9 18.1 10.9 12.5 0.43

Cohesive Energy Method by Fedors
22.6 23.6 0.02
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675 C12OH (40%) and PSS-MA-C16OH (15%) as shell-forming
676 materials, respectively], indicating that the drug is loaded
677 within the core rather than adsorbed within the shell layer.
678 These findings are in good agreement with the excellent
679 compatibility between the core-forming material (PLGA
680 polymer) and the drug (MMC)values of the χ parameter
681 are less than 0.5. It should be noted that for both HF-PEs
682 [PAA-C12OH (40%) and PSS-MA-C16OH (15%)], higher
683 values of the encapsulation efficiency (EE %) and drug loading
684 content (DL %) were observed for samples prepared by
685 dropwise addition of MMC and PLGA solution in acetone
686 (see Figures 3 and S2 for calibration curves in water).
687 Recalling, values of EE % and DL % for samples 1 and 2 were
688 calculated according to deconvoluted data for a maximum at
689 359 nm [the aforementioned numbers are noted with an
690 asterisk (*) in Figure 3]. This effect is most likely connected to
691 the kinetics of nanoprecipitation−MMC has a greater
692 tendency to be entrapped within the PLGA core micro-
693 environment when both compounds [MMC and PLGA] are
694 dissolved in the same solvent. It should be noted that only
695 PSS-MA-C16OH (15%) exhibited chemical stability of the
696 encapsulated and released MMC−PLGA nanoparticles,
697 stabilized by PAA-C12OH (40%), leading to fast degradation
698 of the drug (presence of the maximum at approximately 310
699 nm in the UV−vis spectrum, attributed to degradation
700 products such as cis- and trans-isomers of 2,7-diamino-1-
701 hydroxymitosene). PSS-MA-C16OH (15%) consists of both
702 strong (styrenesulfonate sodium salt) and weak (partially
703 neutralized carboxylic acid) electrolyte groups, leading to a
704 “buffering” effect and reducing the possibility of strongly acidic
705 group formation. Conversely, PAA-C12OH (40%) possesses

706only carboxylic acid groups, so the interfacial acidity is large
707and could constitute catalysts for acidic hydrolysis of MMC.
708In order to compare our results with studies carried out by
709other researchers, it is needed to emphasize that MMC is a
710chemotherapeutic agent that is considered to be amphiphilic/
711hydrophilic (logP value = −0.4see Table 1) and can be
712combined with other drugs (e.g., doxorubicin).20−22 MMC has
713been successfully loaded or coloaded into polymer lipid
714nanoparticles,20 obtained via hot oil phase emulsification
715(mitomycin dispersed in the oil phase), polymer−lipid hybrid
716nanoparticles (thin film method, followed by dialysis from a
717dimethylformamide (DMF)−water mixture, with mitomycin
718initially dissolved in tetrahydrofuran),51 micelles of stearic
719acid-grafted chitosan oligosaccharide modified with poly-
720ethylene glycol (PEG) chains (mitomycin dissolved in the
721aqueous phase),52 and micelles of deoxycholic acid chitosan-
722grafted poly(ethylene glycol) methyl ether (emulsification
723method, with mitomycin dissolved in acetone).53 Due to the
724hydrophilic/amphiphilic characteristics of MMC, the prepara-
725tion of nanocarriers could comprise its dissolution in both
726organic (e.g., acetone, tetrahydrofuran, or DMF) and aqueous
727phases. The latter approach is particularly useful when building
728blocks of nanocarriers possess an amphiphilic character (e.g.,
729comprise both hydrophilic/ionizable groups and hydrophobic
730blocks/fragments).52 One of the main drawbacks of MMC is
731its high susceptibility to chemical degradation upon exposure
732to chemical (e.g., acidic or basic conditions)54 or enzymatic
733(e.g., presence of NADPH−cytochrome P-450 reductase or
734xanthine reductase55) factors. The main degradation products
735consist of cis- and trans-isomers of 2,7-diamino-1-hydroxymi-
736tosene, exhibiting an absorbance maximum of approximately
737310 nm (pure MMC364 nm). This is why our studies

Figure 3. UV−vis spectra (top) and DLS size distribution graphs (bottom) of MMC-loaded PLGA nanoparticles; EE (%)encapsulation
efficiency and DL (%)drug loading content.
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738 comprised novel core−shell PLGA nanoparticlescarrier
739 systems that have not been used for MMC encapsulation
740 characterized by excellent drug−core material compatibility
741 and superior tenability of properties.
742 The morphology of the obtained MMC-loaded nanocarriers

f4f5 743 was assessed using SEM and TEM (see Figures 4, 5, and S5).

744 See also Figure S6 for macroscopic images. Electron
745 microscopy images confirmed the DLS resultsthe obtained
746 nanocarriers were spherical-shaped with only a slightly rough
747 surface. The mean diameters of these well-defined spherical
748 objects were nearly uniform, corresponding to low values of
749 polydispersity indices (PD < 0.3). For TEM images, the mean

750size distribution of circular objects was reasonably larger than
751that obtained using SEM, possibly due to sample dilution prior
752to the analysis, although it also met the requirements for low
753polydispersity. The circular objects in TEM images showed
754differences between electron beam absorptivity between their
755center and the outer layer, which could correspond to the
756core−shell structure of PLGA nanoparticles. Similar observa-
757tions were obtained for nanoparticulate poly(4-styrenesulfonic-
758co-maleic acid) loaded with hydrophobic drugs.32 The
759thickness of the postulated shell layer is very low (ca 1−2
760nm), indicating good agreement with the HP-PE behavior
761(formation of only small, stable “internal micelles” of diameter
762less than 2 nm, which might be present on the surfaces of
763nanoparticles).23,24 Moreover, no internal crystallites are visible
764on the TEM images, indicating that MMC is molecularly
765dissolved in the polymeric matrix, corresponding with the very
766good compatibility between MMC and PLGA. It should be
767noted that the difference in mean hydrodynamic diameters
768between particular samples [e.g., stabilized by PSS-MA-g-
769C16OH (15%) and PSS-MA-g-C16NH2 (15%)] is also visible in
770both SEM and TEM images [PLGA nanoparticles, stabilized
771by PSS-MA-g-C16NH2 (15%), are significantly larger than
772those with PSS-MA-g-C16OH (15%) shell layerssee Figures
7733−5 and S5, as well as Table S1 for data], despite the
774difference in concentrations of the solution dipped on the
775surface (2 mg/mL for SEM or 0.2 mg/mL for TEM) and in
776the preparation methods (covering with a thin gold layer prior
777to SEM measurements). The obtained results (DLS, SEM, and
778TEM) showed the high potential of the optimized preparation
779methods for PLGA nanoparticles as MMC delivery systems
780their shape and size uniformity, stability, and property
781tunability using appropriate HF-PEs at certain concentrations.
782In Vitro Release StudiesInfluence of the Polyelec-
783trolyte Shell Layer. The release kinetics of the bioactive
784compound under certain conditions are amenable for
785determining whether the nanocarriers or microcarriers are
786suitable for the chosen method of administration. In general, it
787should be emphasized that the release profiles are dependent
788on numerous factors connected to the payload, the
789formulation, and the release medium. The in vitro release
790characteristics might allow us to gain crucial information about
791the physicochemical characteristics of the carrier system and
792the payload, including chemical degradation, erosion, diffusion,
793and responsivity to external stimuli.2

794To describe the mechanism of drug release from the carrier,
795it is possible to fit the data points (the amount of the released
796drug against release time) to well-known models, such as
797Korsmeyer−Peppas, Weibull, and Peppas−Sahlin. The Kors-
798meyer−Peppas model is a semiempirical power law equation,
799considering the influence of the shape of the polymer matrix
800(such as film, cylinder, or sphere) on the release profile.35

801According to this model, km is the kinetic constant and n is the
802diffusion dissolution index [for spherical particles, n = 0.42
803(diffusion-controlled mechanism); n = 1 for the case II
804relaxation-controlled mechanism; and 0.42 < n < 1 for the
805combined mechanism). The Weibull equation is a general
806empirical formula, where a is the time scale of the process and
807b is the shape parameter (shape of the release curve is
808exponential if b = 1, parabola if b < 1, or sigmoid if b > 1). The
809kinetic formula reported by Peppas−Sahlin combines all of the
810possibilities of the Korsmeyer−Peppas model and specifies the
811diffusion and relaxation contributions to the drug dissolution
812process, where k1 is the Fick diffusion contribution, k2 is the

Figure 4. SEM images of MMC-loaded PLGA nanoparticles stabilized
by (a) PSS-MA-g-C16OH (15%) (system 4 according to Figure 3)
and (b) PAA-C12OH (40%) (system 2 according to Figure 3). The
magnified fragments at different angles are marked with green
rectangles.

Figure 5. TEM images of MMC-loaded PLGA nanoparticles
stabilized by (a) PSS-MA-g-C16OH (15%) [system 4 according to
Figure 3, scale bars: 1 μm (left) and 500 nm (right)] and (b) PAA-
C12OH (40%) [system 2 according to Figure 3, scale bars: 500 nm
(left) and 200 nm (right)]. The scale bars were tuned for optimal
resolution of the nanoparticles.
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813 case II relaxation contribution, and m is the diffusion exponent
814 (spherical shaped: m = 0.43, Fick diffusion mechanism; m =
815 0.85, case II relaxation transport mechanism; and 0.43 < m <
816 0.85, anomalous transport mechanism).34,35 To compare
817 different models with each other, the parameter called
818 “Adjusted R2” was used as an indicator of the fitting quality
819 to avoid misinterpretation of equations with varying numbers

f6t3 820 of constants (see Figures 6 and S7 and Table 3). The best
821 fitting was obtained for the Peppas−Sahlin model (the value of
822 adjusted R2 was closest to 1) for both free mitomycin and
823 system 3. According to this equation, the loaded system was in
824 good agreement with the sphere-shaped model (m value close
825 to 0.43). Considering the amphiphilic character of MMC, the
826 Peppas−Sahlin model appeared to also be the best in fitting
827 the release of the free drug, although the difference in adjusted
828 R2 parameters between the Peppas−Sahlin and Weibull
829 equations was negligible. It should be emphasized that only
830 approximately 15% of the encapsulated drug underwent fast
831 (ca 6 h) release. The remaining 85% of MMC underwent
832 gradual release, connected to the gradual degradation of the
833 polymer matrix, as well as the difficult diffusion of mitomycin

834from the core of the carrier. In contrast, the linear fragment
835(up to approximately 10% of the released drug) might
836originate from the MMC molecules adsorbed at the nano-
837carrier surfaces.35

838Solubility and miscibility parameters significantly affect the
839release profiles of the drug from the polymeric carrier matrix in
840an appropriate medium. MMC itself is a moderately water-
841soluble compound, so it needs ca 3 h to completely diffuse
842through the membrane. With the increase in the compatibility
843degree between the polymer and the payload, the release rates
844decrease, although the influences of the drug-to-polymer ratio
845and polymer mean molecular weight are also observed.49 Our
846systemMMC loaded into PLGAshould release drug
847molecules at slow or moderate rates due to the miscibility
848parameter (χ less than 0.5), showing complete compatibility
849and relatively similar hydrogen bonding increments (difference
850is smaller than 3 MPa0.5). Moreover, higher release rates
851should be observed for polymers with higher molecular weights
852due to their more complicated internal structures. It is also
853postulated (due to the presence of no crystalline forms of
854MMC in the TEM images) that the release process is

Figure 6. In vitro release profiles (up) of MMC in PBS at 37 °C: pure MMC (left panel) and MMC loaded into PLGA nanoparticles (right panel,
system 3 according to Figure 3). Down: data fitted to the best Peppas−Sahlin model.

Table 3. Parameters of MMC Release Determined by Fitting Several Kinetic Equations (MMC-Loaded Nanoparticles −
System 3 According to Figure 3)

Korsmeyer−Peppas Weibull Peppas−Sahlin

km n Adj R2 a b Adj R2 k1 k2 m Adj R2

system min‑n min‑m min−2m

free MMC 0.2082 0.3113 0.9527 10.17 0.6845 0.9985 0.1260 −4.11*10−3 0.5333 0.9992
MMC in nanoparticles 0.0388 0.2414 0.9515 25.95 0.2569 0.9544 0.0266 −1.18*10−3 0.4139 0.9867
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855 controlled by the diffusion of the drug from the polymer
856 matrix, rather than dissolution of crystallites.32 It should be
857 emphasized that PLGA nanoparticles are proven for their
858 excellent sustained release properties. For example, PLGA−
859 PEG nanoparticles, loaded with dexamethasone, allowed
860 sustained release within ca 12 days, therefore reducing side
861 effects, connected with large single doses of the drug.56

862 ■ CONCLUSIONS
863 Our investigations showed the high potential of PLGA
864 nanoparticles stabilized by HF-PEs as delivery systems for
865 MMC. The first step consisted of optimization studies for
866 different PAA [PAA-C12OH (40%) and PAA-C16OH (15%)]
867 and poly(4-styrenesulfonic-co-maleic acid) [PSS-MA-g-
868 C16NH2 (15%) and PSS-MA-g-C16OH (15%)] derivatives
869 these experiments allowed us to clearly show that sufficient
870 hydrophilicity (i.e., HLB value greater than 6) is needed to
871 sufficiently stabilize PLGA nanoparticles at minimal concen-
872 trations (0.5 mg/mL), regardless of the type of the HF-PE. It is
873 also possible to use less hydrophilic hydrophobically function-
874 alized PEs (i.e., HLB value less than 6), but the minimal
875 optimized concentration was higher (1 mg/mL). Moreover,
876 PLGA nanoparticles stabilized with more hydrophilic HF-PEs
877 (HLB value greater than 7) exhibited significantly lower
878 minimal values of zeta potentials (approximately85 mV)
879 compared to those with a modified PE of higher hydro-
880 phobicity (ca −60 mV). Our studies showed that further
881 reduction of HF-PEs to less than the optimal value is possible
882 but could result in slightly less stable systems. It should be
883 emphasized that the flexibility of the chemical bonds between
884 the backbone and side chains has a significant impact on the
885 PLGA nanoparticle hydrodynamic diameters: nanocarriers
886 stabilized by PSS-MA-g-C16OH (15%) with flexible ester
887 bonds are characterized by significantly smaller hydrodynamic
888 diameters compared to those stabilized by PSS-MA-g-C16NH2
889 (15%) with more rigid amide bonds. Our findings of DLS
890 measurements were also confirmed using TEM and SEM
891 techniques, showing spherical (SEM) or circular (TEM)
892 objects of the appropriate size, polydispersity, and morphology
893 (core−shell nanoparticles). PLGA was chosen as a host
894 material for amphiphilic mitomycin due to its moderately
895 water-soluble character and excellent compatibility with the
896 drug molecules [value of the miscibility parameter χ is less than
897 0.5 for only a slight difference (less than 3 MPa0.5) between
898 appropriate hydrogen bonding increments (δh) of the solubility
899 parameter]. The aforementioned findings were confirmed by
900 the negligible effect of MMC loading into PLGA nanoparticles
901 on the zeta potential values, indicating that the drug is
902 incorporated inside the core rather than adsorbed within the
903 shell layer. MMC was found to be chemically unstable in
904 colloidal suspensions of PAA derivative-stabilized PLGA
905 nanoparticlesmost likely due to high hydrolysis rates
906 connected with weak electrolyte carboxylic acid groups; the
907 UV−vis spectra showed the presence of cis- and trans-isomers
908 of 2,7-diamino-1-hydroxymitosene (common degradation
909 products of MMC) in both supernatants after nanoparticle
910 preparation, as well as the release medium. Only PLGA
911 nanoparticles stabilized by hydrophobically functionalized
912 poly(4-styrenesulfonic-co-maleic acid) protected MMC against
913 preliminary leakage, chemical degradation, or colloidal
914 destabilization. The release profiles of free and encapsulated
915 MMC exhibited the best fitting for Peppas−Sahlin, showing
916 good agreement with the found shape of the nanocarriers

917(spherical), the amphipilic character of the drug, and the
918solubility/miscibility parameters studies (good compatibility
919between the polymeric matrix and the payload). The present
920contribution could open a new possibility of selecting more
921efficient building and stabilizing blocks for functional
922polymeric dispersions toward their biomedical application as
923carrier systems for amphiphilic and chemically instable drugs,
924showing crucial features for consideration in their future
925research.
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1016 Fessi, H.; Elaissari, A. Nanoprecipitation process: From encapsulation
1017 to drug delivery. Int. J. Pharm. 2017, 532, 66−81.

(9)1018 Tao, J.; Chow, S. F.; Zheng, Y. Application of flash
1019 nanoprecipitation to fabricate poorly water-soluble drug nano-
1020 particles. Acta Pharm. Sin. B 2019, 9, 4−18.

(10)1021 Zhao, L.; Shen, G.; Ma, G.; Yan, X. Engineering and delivery of
1022 nanocolloids of hydrophobic drugs. Adv. Collod. Interf. Sci. 2017, 249,
1023 308−320.

(11)1024 Pellegrino, J.; Schulte, L. R.; De la Cruz, J.; Stoldt, C.
1025 Membrane processes in nanoparticle production. J. Membr. Sci. 2017,
1026 522, 245−256.

(12)1027 Lince, F.; Marchisio, D. L.; Barresi, A. A. Strategies to control
1028 the particle size distribution of poly-e-caprolactone nanoparticles for
1029 pharmaceutical applications. J. Colloid Interface Sci. 2008, 322, 505−
1030 515.

(13)1031 Vauthier, C. Polymer Nanoparticles for Nanomedicines: A Guide
1032 for their Design, Preparation and Development; Ponchel, G., Ed.;
1033 Springer, 2016; Chapter 2, pp 17−53.

(14)1034 Hussein, Y.; Youssry, M. Polymeric Micelles of Biodegradable
1035 Diblock Copolymers: Enhanced Encapsulation of Hydrophobic
1036 Drugs. Materials 2018, 11, 688.

(15)1037 Lamch, Ł.; Tylus, W.; Jewginśki, M.; Latajka, R.; Wilk, K. A.
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