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A B S T R A C T

This research emphasizes the crucial role of electron paramagnetic resonance (EPR) spectroscopy in nanoparticle 
analysis, showcasing its distinctive ability to probe molecular-level details. We demonstrate the synthesis and 
self-assembly of a new class of pH-responsive amphiphilic diblock copolymers, specifically poly[N-(2-hydrox
ypropyl)-methacrylamide]-block-poly[2-(diisopropylamino)ethyl methacrylate] (PHPMA-b-PDPA), incorpo
rating 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) radicals covalently bound to the hydrophilic PHPMA 
segment. The copolymer synthesis involved a three-step process, combining reversible addition − fragmentation 
chain transfer (RAFT) polymerization with carbodiimide (DCC) chemistry. TEMPO radical-containing nano
particles (RNPs) were created using microfluidic (MF) nanoprecipitation, a technique essential for generating 
uniform nanoparticles with predictable biodistribution and cellular uptake. Adjusting MF protocol parameters 
allowed fine-tuning of RNP sizes. EPR spectroscopy confirmed the formation of core–shell RNPs, with features 
aligning closely with those obtained from scattering techniques like dynamic light scattering (DLS), static light 
scattering (SLS), small-angle X-ray scattering (SAXS), and cryo-transmission electron microscopy (cryo-TEM). 
EPR spectroscopy emerges as a potent tool for molecular-level analysis of colloidal polymer systems. This study 
highlights the EPR-spin label method’s efficacy in probing the internal structural features and dynamics of 
core–shell nanoparticles, especially their response to pH-triggered disassembly. The findings open new avenues 
for the use of pH-responsive TEMPO-labeled diblock copolymers in controlled drug delivery applications.

1. Introduction

In the last ten years, substantial advancements have been achieved in 
creating stimuli-responsive, or “smart” polymers. These polymers are 
sensitive to specific external triggers, such as temperature [1,2], light, 
electrical or magnetic fields [3], and chemicals. Researchers have 
investigated multiple facets of stimuli-responsiveness, such as the syn
thesis of responsive monomers, their polymerization processes, and the 
development of higher-order organized structures. This rapidly 
expanding field has been the subject of many comprehensive reviews 
[4–8]. Stimuli-responsive polymer nanoparticles (NPs) hold great pro
tentional for applications in drug delivery and diagnostics due to their 
easy design, excellent biocompatibility, diverse structural options, and 
biomimetic properties. The structural characteristics of the NPs, influ
enced by factors such as molecular weight, hydrophobic to hydrophilic 

ratio, and preparation method, play a crucial role in modulating drug 
release kinetics and ensuring optimal therapeutic outcomes. Although 
straightforward methodologies have been thoroughly researched with 
notable success, particularly in controlling particle size and enhancing 
encapsulation efficiency by adjusting nanoprecipitation conditions, 
further investigation is required to minimize the polydispersity of self- 
assembled nanostructures. Utilizing microfluidic devices for this objec
tive is a crucial strategy [9,10]. The microfluidic technique offers a 
powerful and versatile platform for the precise synthesis of NPs, with 
significant advantages in terms of control, efficiency, and scalability 
[11,12].

It is noteworthy that, in addition to core–shell NPssuch as polymer 
micelles and vesicles obtained from the solution self-assembly of block 
copolymers (BCs), there are also two-dimensional (2D) core–shell NPs 
[13–15]. These 2D systems have garnered increasing interest due to 
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their broad applications in materials science. Recently, Tong’s group 
demonstrated the preparation of 2D, size-tunable, water-dispersible 
micelles with tailored compositions for pH-responsive drug release 
systems [16].

A particularly promising candidate in this field of the “smart” poly
mers is the pH-responsive polymer poly[2-(diisopropylamino)ethyl 
methacrylate], (PDPA) [17] due to its pKa of approximately 6.8 and its 
ability to dissociate rapidly at pH levels below 6.8 [18,19]. This is 
especially significant because endocytosis occurs swiftly, with the entire 
process, from plasma membrane wrapping to reaching the lysosomal 
stage, taking approximately 30 min [20]. PDPA-based NPs have 
demonstrated potential in precisely controlling drug release within 
specific pH ranges, accommodating both hydrophobic and hydrophilic 
drugs [21,22]. On the other hand, the utilization of biocompatible hy
drophilic blocks, such as poly(N-(2-hydroxypropyl)methacrylamide) 
(PHPMA) in designing NPs has garnered significant attention in phar
maceutical technology [23]. The appeal of PHPMA for biomedical ap
plications stems from its distinct attributes, including hydrophilicity, 
non-toxicity, and non-immunogenicity [24–26] making it the most 
promising alternative to polyethylene glycol-based materials [27]. In 
our previous study [28], we successfully synthesized a well-defined class 
of amphiphilic poly(ε-caprolactone)-b-poly(N-(2-hydroxypropyl)meth
acrylamide), PCL-b-PHPMA diblock copolymers, which are both 
biocompatible and biodegradable, and incorporated nitroxyl radicals 
into them. Subsequently, we evaluated the formation of micelles in 
aqueous media. To gain insights into the dynamic processes involved in 
self-assembly, we utilized electron paramagnetic resonance (EPR) 
spectroscopy. EPR spectroscopy has emerged as a valuable technique for 
studying polymers, offering insights into their structure and dynamics 
[29]. By introducing stable “spin labels” such as the 2,2,6,6-tetramethyl
piperidine-1-oxyl (TEMPO) nitroxide radical into the target macromol
ecule, EPR analysis can provide valuable information on its internal 
structural characteristics [30,31]. Moreover, such radical containing 
polymers and nanoparticles (RNPs) have shown considerable potential 
for various applications. Yoshitomi et al. have designed a polymer with 
covalently linked nitroxide radicals that can be applied for scavenging 
reactive oxygen species from cigarette smoke [32]. pH-responsive RNPs 
composed of poly(chloromethylstyrene) (PCMS) and poly(ethylene 
glycol) (PEG) have shown therapeutic effect in the treatment of cerebral 
ischemia − reperfusion injury [33]. Another RNPs based on poly 
(ethylene glycol) (PEG) and poly[4-(2,2,6,6-tetramethylpiperidine-1- 
oxyl)aminomethylstyrene] have been found to reduce the tumorigenic 
characteristics of the triple negative breast cancer both in vitro and in 
vivo without side effects [34,35]. Such redox nanoparticles have also 
been investigated as possible nanotherapeutics in the treatment of colon 
cancer associated with colitis. In response to oral administration, RNP 
preferentially accumulated in cancer tissues, leading to a substantial 
reduction in tumor growth [36].

Doxorubicin (DOX) loaded pH-responsive NPs based on PHPMA-b- 
PDPA diblock copolymers have been studied previously [37]. When 
compared to free DOX, the drug-loaded NPs significantly improved 
therapeutic efficacy by inhibiting the growth of lymphoma tumors in the 
EL4 lymphoma model with reduced cardiotoxic effects [38]. In addition, 
it was found that these NPs are considerably more permeable than ROS- 
(reactive oxygen species) responsive or nonresponsive analogues and 
DOX is rapidly released in acidic medium following the NP disassembly 
[39].

This study introduces a novel approach, marking the first report of 
the synthesis and microfluidic-controlled self-assembly of pH-responsive 
amphiphilic PHPMA-b-PDPA diblock copolymers with spin-labeled 
functionality. In a three-step synthetic process, 4-amino-TEMPO radi
cals were covalently attached to the hydrophilic segment of the copol
ymer by combining reversible addition–fragmentation chain transfer 
(RAFT) polymerization with carbodiimide chemistry (DCC method). 
Spherical nanoparticles labeled with TEMPO radicals were successfully 
produced under physiological buffer conditions (phosphate-buffered 

saline, PBS, pH 7.4) using microfluidic (MF) nanoprecipitation. To 
provide unique revelations into the dynamic processes during the self- 
assembly of these labeled nanoparticles, we employed a combination 
of EPR spectroscopy with dynamic light scattering (DLS), static light 
scattering (SLS), small-angle X-ray scattering (SAXS), and cryo- 
transmission electron microscopy (cryo-TEM). This comprehensive 
characterization allowed us to assess the internal structure and physi
cochemical properties of the core–shell nanoparticles in exceptional 
detail. Notably, EPR spectral analysis revealed a unique correlation 
between the EPR line shape and the core–shell size and density 
measured by scattering techniques, offering new insights into nano
particle behavior. Additionally, we investigated the pH-induced disas
sembly of the nanoparticles using EPR, demonstrating the versatility and 
broad potential of this method. By establishing novel correlations be
tween nanoparticle structural characteristics, copolymer properties, and 
preparation methods, this research significantly advances the under
standing and application of stimuli-responsive polymer nanoparticles in 
drug delivery and related fields (Fig. 1).

2. Materials and methods

2.1. Materials

The monomer N-(2-hydroxypropyl)methacrylamide (HPMA) 
(Scheme S1) was synthesized following the procedure outlined in 
reference [40]. The RAFT agent 4-cyano-4-(((ethylthio)carbonothioyl) 
thio)pentanoic acid (CTA) (Fig. S2) was synthesized following the 
method described in reference [41]. The complete synthesis procedures 
are detailed in the ESI file. The monomer 2-(diisopropylamino)ethyl 
methacrylate (DPA, purity ~ 97 %) was distilled under an argon at
mosphere. 4,4′-Azobis(4-cyanovaleric acid) (V-501, ≥98 %) N,N′-dicy
clohexylcarbodiimide (DCC, purity ~ 99 %) and 4-amino-2,2,6,6- 
tetramethylpiperidine-1-oxyl (4-amino-TEMPO, purity > 97 %). N,N- 
Dimethylformamide (DMF, ≥99.5 %, Sigma-Aldrich) was dried over 
CaH2 and distilled under reduced pressure. Other solvents included 
diethyl ether (Et2O, ≥ 99.7 %), and tert-butanol (tert-BuOH, ≥ 99.5 %) 
were used without further purification. All reagents and solvents were 
purchased from Sigma-Aldrich.

2.2. Characterization techniques

Detailed explanations of the employed characterization techniques 
are comprehensively presented in the Supplementary Information (ESI) 
file.

2.3. RAFT polymerization of HPMA using MWI (Scheme 1, (1))

The RAFT experiment was conducted in a 20 mL Biotage high- 
precision MW glass vial using a Biotage Initiator Robot Sixty labora
tory MW reactor under normal voltage conditions, with a preliminary 
stirring step of 60 s. The standard RAFT polymerization procedure 
involved dissolving HPMA (1.0 g, 2.2 × 10− 4 mol, degree of polymeri
zation 35), CTA (57.62 mg, 2.2 × 10− 4 mol), and initiator V-501 (30.83. 
mg, 0.11 × 10− 4 mol) (with a [CTA]/[I] ratio of 1/0.2) in 5.0 mL of tert- 
BuOH. The solution was placed in a glass vial equipped with a magnetic 

Fig. 1. A general diagram illustrating the relationship between the multi-step 
synthesis process and the techniques applied in this study.
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stir bar, sealed, and purged with argon for 30 min to remove oxygen. The 
vial was then positioned in the MW instrument set at 75 ◦C for 3 h. 
Polymerization was terminated by stopping the MW irradiation, 
removing the vial from the instrument, and rapidly cooling it in liquid 
nitrogen. A 25 μL aliquot was immediately analyzed by 1H NMR spec
troscopy to determine monomer conversion by comparing the remaining 
monomer concentration to the initial feed. The polymerization solution 
was precipitated with cold acetone or a mixture of acetone / diethyl 
ether (3/1, v/v), followed by centrifugation to isolate the product. The 
isolated PHPMA macroCTA was dissolved in a small methanol and pu
rified using Sephadex LH-20 chromatography with methanol as the 
mobile phase. The product was then precipitated in cold diethyl ether 
and vacuum-dried to obtain a yellow solid. The resulting homopolymer 
was characterized by size exclusion chromatography (SEC) and 1H NMR 
spectroscopy (refer to Table 1 for details).

2.4. Synthesis of PHPMA-b-PDPA diblock copolymers (Scheme 1(2))

The RAFT polymerization was conducted using different molar ratios 
of monomers to achieve PDPA blocks with varying molecular weights: 
[DPA]/[CTA]/[I] = 30/1/0.2 and [DPA]/[CTA]/[I] = 97/1/0.2, 
respectively. In a Schlenk flask equipped with a magnetic stirrer, 
PHPMA macroCTA agent (80.0 mg, 1.52 × 10–5 mol) was dissolved in 
methanol (2.0 mL). Separately, varying amounts of the monomer DPA 
(62.41 μL for DP 30 and 187 μL for DP 90) were dissolved in 2.5 mL of 
1,4-dioxane. The solutions were then combined, and 0.5 mg of the 
initiator AIBN (3.04 × 10− 5 mol), dissolved in 100 μL of DMSO, was 
added under continuous stirring. The polymer mixture was purged with 
argon for 30 min and then placed in an oil bath preheated to 75 ◦C for 
approximately 16 h. Polymerization was terminated by rapid cooling, 
freezing, and exposure to air for quenching. The block copolymers were 
purified by dialyzing against deionized water at a pH of ~ 3 for 48 h, 
using a membrane with a molecular weight cut-off (MWCO) of 3.5 kDa, 
with the water being changed every 12 h. The block copolymers were 
then recovered by lyophilization and characterized using 1H NMR and 
SEC.

2.5. Spin labeling of PHPMA-b-PDPA BCs (Scheme 1(3))

The TEMPO-labeled pH-responsive PHPMA-b-PDPA BCs were syn
thesized via the carbodiimide (DCC) method. The spin-labeled BCs were 
prepared with variations in the mole ratios of PHPMA-b-PDPA and 4- 
amino-TEMPO reactants. In a 25 mL flame-dried, argon-purged two- 
neck round-bottom flask equipped with three-port valves, 0.1 g (9.1 
× 10-6 mol) of PHPMA-b-PDPA diblock copolymer was dissolved in dry 
DMF (5.0 mL). Separately, DCC (11.3 mg, 5.46 × 10-5 mol, 6.0 eq excess) 
was dissolved in dry DMF (0.5 mL), and 4-amino-TEMPO (69.5 mg, 5.46 

× 10-5 mol, 6.0 eq excess,) was dissolved in another 0.5 mL of dry DMF. 
Both solutions were then carefully transferred to the flask under an inert 
gas atmosphere and stirred at room temperature for 72 h under argon. 
The spin-labeled block copolymers were then purified by dialysis against 
deionized water at a pH of ~ 3 for 48 h, using a membrane with a 
molecular weight cut-off (MWCO) of 3.5 kDa, with water changes every 
12 h. The block copolymers were recovered by lyophilization and 
characterized using SEC.

2.6. Self-Assembly of spin labeled PHPMA-b-PDPA BCs in microfluidic 
Chips and characterization of RNPs

The self-assembled nanostructures were formed using a MF device 
purchased from Dolomite (Royston, United Kingdom). This MF device 
utilizes a sequential lamination micromixer chip, also known as a split- 
and-recombine (SAR) micromixer, which enhances mixing efficiency 
through exponential increase in contact surface area and reduction in 
path length. To initiate the self-assembly process, spin labeled PHPMA- 
b-PDPA BCs were dissolved in THF/methanol (80/20, v/v) and/or DMF 
at a concentration of 5.0 mg⋅mL− 1. The choice of solvents, a mixture of 
THF/methanol and/or DMF, as well as the used concentration was due 
to their excellent ability to dissolve the studied diblock copolymers. This 
is crucial for preventing the formation of macroscopic aggregates within 
the microfluidic chip. The polymer solution was pumped through the 
central channel, while PBS was introduced through the side channels 
using two independent Dolomite Mitos P-Pump systems (Royston, 
United Kingdom), controlled by computer software. Flow rates were 
adjustable parameters, and the resulting polymer colloids were collected 
in vials. Subsequently, the TEMPO-labeled PHPMA-b-PDPA nano
particles (RNPs) were purified using a Sephadex G50 column in PBS (pH 
7.4) to remove organic solvents and any residual unreacted TEMPO 
radicals. The supramolecular polymer assemblies were then character
ized using dynamic light scattering (DLS), static light scattering (SLS), 
electrophoretic light scattering (ELS), transmission electron microscopy 
(TEM) and cryo-transmission electron microscopy (cryo-TEM).

3. Results and discussion

3.1. Synthesis of spin labeled PHPMA32-b-PDPAn BCs

The strategic placement of the spin label within BCs is pivotal, of
fering insights into their self-assembly process. When positioned at the 
terminus of the hydrophilic block in self-assembling block copolymers, it 
facilitates the creation of detectable NPs with the label directly on the 
polymeric assemblies’ surface. Following this principle, poly([N-(2- 
hydroxypropyl)]methacrylamide)-b-poly[2-(diisopropylamino)ethyl 
methacrylate] (PHPMA-b-PDPA) diblock copolymers were synthesized 
successfully via RAFT polymerization. Initially, well-defined PHPMA 
macroCTA was synthesized using RAFT polymerization (Mn = 4335 g/ 
mol, Mw/Mn = 1.21). The polymerization followed a previously pub
lished protocol [42] using a MW reactor at 75 ◦C, employing 4-cyano-4- 
(((ethylthio)carbonothioyl)-thio)pentanoic acid as CTA and 4,4′-azobis 
(4-cyanovaleric acid) (V-501) as the initiator (Scheme 1, step1). Sub
sequently, the second block was grown from PHPMA-mCTA also via 
RAFT polymerization, depicted in Scheme 1, step 2. Finally, the DCC 
method was employed to covalently attach the 4-amino-2,2,6,6-tetrame
thylpiperidine-1-oxyl (TEMPO) end-group to the PHPMA block in the 
resulting PHPMA-b-PDPA BCs, generating stable TEMPO radicals 
(Scheme 1, step 3).

The chemical structure, composition, molecular weight, and dis
persity index of PHPMA-mCTA and the resulting pH-responsive PHPMA- 
b-PDPAm BCs were confirmed using 1H NMR spectroscopy (representa
tive spectra for PHPMA-mCTA in Fig. S3 and PHPMA-b-PDPA in Fig. S4, 
as shown in the ESI) and size exclusion chromatography (SEC) (Fig. S5 in 
ESI).

The 1H NMR spectrum of the PHPMA-mCTA RAFT agent was 

Table 1 
Experimental conditions and macromolecular characteristics of the PHPMA- 
mCTA and pH-responsive PHPMA32-b-PDPAm BCs.

Sample [M]0/ 
[CTA]0/ 
[I]0

Time 
(h)

Conv.a 

(%)
Mn,NMR

b 

(g⋅mol¡1)
Mn,SEC

c 

(g⋅mol¡1)
Đ

PHPMA32- 
mCTA

100/1/0.2 3 91 4 130 4 335 1.21

PHPMA32- 
b- 
PDPA30

30/2/0.2 16 89 11 090 10 600 1.25

PHPMA32- 
b- 
PDPA97

97/2/0.2 16 84 25 360 25 610 1.28

aDetermined by 1H NMR spectroscopy in methanol‑d4 and acidic D2O using end- 
group analysis;
bMn was calculated via 1H NMR spectroscopy according to Mn = (nMU × MW 

HPMA) + (nMU × MW monomer) + MWCTA eq. 1;
cDetermined by SEC in methanol/acetate buffer, pH 6.5, 80/20 vol%.
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recorded, and the assignments of the different signals were made (see 
Fig. S3 in ESI). 1H NMR revealed the complete disappearance of signals 
at δ = 5.68 and 5.25 ppm, attributed to the vinyl protons from the HPMA 
monomer (marked as b in Fig. S1, ESI). A broad singlet was detected at 
7.20–7.6 ppm (− C(O) − NH − ) for the amide group in the composition 
of PHPMA. A singlet at 4.8 ppm corresponds to the protons of the − OH 
group from the HPMA repeating units, though this peak overlaps with 
the residual methanol‑d4. The broad singlet at δ = 3.9 ppm (d) is 
attributed to the methine proton from the − CH–(OH) group. Signals at 
1.7–1.9 (a) and 1.2 ppm (b) were attributed to the methylene protons of 
the PHPMA-mCTA main chain. Additionally, signals characteristic of 
methylene (− C(O)–NH–CH2 − ) at δ = 2.9–3.25 ppm (c) and those in the 
range δ = 0.8–1.3 ppm (e), typical of methyl groups from the PHPMA 
backbone ((CH3)C–CH2 − ), were also observed.

The 1H NMR spectrum of the PHPMA-b-PDPA diblock copolymer 
(Fig. S4 in ESI) displays characteristic signals corresponding to methy
lene protons from the pendant group (− C(O) − NH − CH2 − ) at δ =
3.0–3.3 ppm, marked as (c). Additionally, it shows signals for methylene 
protons from the main PHPMA backbone, observed in the range δ =
0.50–1.20 ppm and at δ = 1.15 ppm, labeled as (b þ e), corresponding to 
the ((CH3)C − CH2 − ) backbone and methyl groups from the pendant 
group (CH3 − CH(OH)), respectively. Signals from the PDPA main chain 
are also detected at δ = 1.15 ppm (b) and δ = 1.17–2.0 ppm (a). 
Furthermore, signals corresponding to the isopropyl group attached to 
the amino group are observed at δ = 3.78 ppm and 1.35 ppm (h and i). 
Broad signals characteristic of methylene protons from the PDPA 
pendant group (− C(O)–CH2-CH2-N < ) are seen at δ = 4.3–4.4 and 3.5 
ppm, marked as (f and g).

The SEC chromatogram of PHPMA-mCTA obtained via MWI-assisted 
RAFT polymerization reveals a monomodal distribution, as evidenced 
by overlapping SEC traces (black curve in Fig. S5, ESI). Moreover, 
analysis indicates that SEC curves for PHPMA32-b-PDPAm BCs contain
ing stable nitroxide radicals are also monomodal and symmetric, 
reflecting a narrow molecular weight distribution (red and green chro
matograms in Fig. S5, ESI). Importantly, SEC traces confirm the absence 
of duplicated products with higher Mn values, maintaining consistency 
across measurements. Key molecular characteristics of PHPMA-mCTA 
and pH-responsive BCs are summarized in Table 1, affirming the well- 
controlled and living nature of the polymerization process [42].

3.2. Self-Assembly of spin labeled PHPMA32-b-PDPAn BCs in microfluidic 
Chips and characterization of RNPs

The structural characterization of the RNPs produced by MF nano
precipitation involved a combination of EPR with scattering and imag
ing techniques, namely DLS, SLS, ELS, SAXS, TEM and cryo-TEM. The 
size distributions obtained by DLS, as well as the SLS data for the RNPs 
prepared using DMF and/or THF/methanol solvents, are depicted in 
Fig. 2. The results from the light scattering characterization are sum
marized in Table 2.

The DLS data demonstrate the presence of monodisperse populations 
of NPs for all BCs samples (Fig. 2A). The values of molecular weight (Mw 

(NPs)) and RG were determined, respectively, from the intercepts and 
slopes of the scattering profiles from SLS data (Fig. 2B) and are pre
sented in Table 2. The values of Mw(NPs) were used to calculate the ag
gregation number (Nagg = Mw(NPs)/Mw(polymer by SEC)) and particles 
density (dNPs), whereas the values of RG were used to calculate the 
structure-sensitive parameters (ρ = RG/RH) which are related to the 
morphologies of the produced RNPs. The experimental data indicate 
that the size of the produced nano-objects is influenced by the overall 
molecular weight of the block copolymer, which is determined by the 
length of the hydrophobic block. The DLS/SLS data indicate that the 
overall dimensions of the RNPs increase with the length of the hydro
phobic PDPA block (Fig. 2, Table 2). For the RNPs prepared in DMF, the 
diameter of the RNPs (2RH = DH) increases from 39 to 79.6 nm, the 
radius of gyration (RG) from 23.5 to 66.5 nm, and the weight-average 
molecular weight (Mw(RNPs)) from 2.30 to 6.65 x 10-6 g/mol. For the 
RNPs prepared in THF/methanol, DH increases from 84 to 94 nm, RG 
from 58.0 to 70.1 nm, and Mw(RNPs) from 9.12 to 11.05 x 10-6 g/mol 
(Table 2). The RNPs densities were found to be similar, except for the 
RNPs of PHPMA23-b-PDPA30 prepared in DMF, which resulted in the 
production of denser particles. The ρ values determined for the RNPs 
assemblies were higher than predicted for homogenous hard sphere 
(0.77) and are typical values found for spherical block copolymer mi
celles [21]. The observed ζ-potential values (Table 2) are consistent with 
those reported for other PDPA-b-PHPMA-based assemblies, falling 
within the range typically observed for nanoparticles with effective 
shielding and steric stabilization provided by the PHPMA shell, as 
demonstrated by our work and that of others [38,43].

Furthermore, SAXS measurements were utilized as a robust analyt
ical technique to validate the presence of RNPs morphologies. The 
scattering curves obtained for RNPs are depicted in Fig. 3.

The resulting scattering patterns show an increase in the dimensions 
of the inner structure of particles (SAXS core radius, R) with the length of 
the hydrophobic PDPA block (Fig. 3, Table 2). Specifically, R increases 
from 13.1 to 23.5 nm and from 21.7 to 31.4 nm for RNPs prepared in 
DMF and THF/methanol, respectively. Additionally, the similar near q-4 

dependence observed in the SAXS profiles indicates the formation of 
core–shell spherical RNPs following the self-assembly process for both 
BCs. Together, these data and the corresponding curve fittings validate 
the self-assembly of PHPMA-b-PDPA BCs into spherical RNPs. The 
presence of spherical core–shell-like structures in the samples prepared 
from PHPMA32-b-PDPA30 and PHPMA32-b-PDPA97 block copolymers 
was further confirmed by cryo-TEM, as suggested by the SAXS data 
profiles (see Fig. 4).

The cryo-TEM images clearly depict well-defined spherical micelles, 
showcasing particle diameters ranging from approximately 25 to 90 nm 
(refer to Fig. 4 and Fig. S6 in ESI). In Fig. 4A, the PHPMA32-b-PDPA30 
RNPs obtained in DMF solvent show a micelle phase with particle sizes 
around 35–45 nm. Conversely, the cryo-TEM image of PHPMA32-b- 
PDPA30 RNPs prepared in a mixture of THF/methanol solvents reveals 
uniform and well-defined spherical micelles with slightly larger particle 
diameters of 40–50 nm (see Fig. 4B). For PHPMA32-b-PDPA97 BCs pre
pared in both DMF and THF/methanol (Fig. 4C and D), the cryo-TEM 
images display uniform and clearly defined spherical micelles assem
bled with particle sizes ranging from approximately 45 to 70 nm.

Scheme 1. The synthetic route for preparing PHPMA-b-PDPA block co
polymers with incorporated TEMPO groups.

S. Lukáš Petrova et al.                                                                                                                                                                                                                         European Polymer Journal 220 (2024) 113473 

4 



3.3. EPR Spectroscopic studies

The EPR spectra of TEMPO, PHPMA32-b-PDPA30 block copolymer 
and the NPs prepared by MF using different solvents are shown in Fig. 5. 
Nitroxide radicals exhibit characteristic triplet EPR spectra due to 
anisotropic hyperfine coupling between the unpaired electron and ni
trogen nucleus.

Three narrow lines with almost equal intensities can be observed in 
the EPR spectrum of the unattached TEMPO radical in PBS solution, 
indicating very fast tumbling of the free nitroxide radical. After 
attachment of the nitroxide radical to the PHPMA32-b-PDPA30 copol
ymer the EPR signal becomes noticeably broader due to restricted 
radical mobility induced by covalent linkage at the end of PHPMA block. 
Two different components are observed in the EPR spectra of NPs pre
pared in DMF and THF/methanol. Fast component F represents the 
fraction of nitroxide radicals that originate from more mobile PHPMA, 
whereas the slow component S (marked with an arrow) represents the 
fraction with less mobile PHPMA. The two components were also 
observed previously in EPR spectra of NPs prepared from spin-labeled 
copolymers of poly(methylmethacrylate-co-acrylic acid) [44]. The 
mobility of the spin label was assessed by determining the rotational 
correlation time, τR, representing the time taken for the radical to rotate 

by one radian. To obtain these correlation times and analyze the slow 
and fast components, we simulated and compared EPR spectra recorded 
at 25 ◦C. Simulated EPR spectra of free TEMPO, PHPMA32-b-PDPA30 
copolymer, and nanoparticles prepared in DMF and THF/methanol are 
depicted as dotted red lines in Fig. 5. The parameters used for simulating 
the EPR spectra are detailed in Table S1, and percentages of slow and 
fast components along with their corresponding rotational correlation 
times are presented in Table 3.

The very fast mobility of the free TEMPO radical with correlation 
time of only 0.03 ns is typical when the radical rotates in a medium of 
low local viscosity such as PBS solution. However, after covalent 
attachment of the radical to the PHPMA segment the τR value increased 
nine times when compared with free TEMPO (from 0.03 ns to 0.27 ns) 
indicating successful incorporation of the radical into the copolymer. 
The similar behavior was observed previously in spin labeled NPs based 
on PHPMA and cholesterol where the correlation time of the unattached 
radical in PBS solution increased from 0.03 ns to 0.20 ns upon attach
ment to the hydrophilic PHPMA copolymer [31]. After NPs preparation 
two different populations of radicals are observed, a fast population with 
τR values of 0.63 and 1.70 ns and slow population with τR values of 3.27 
and 3.22 ns for NPs prepared in DMF and THF/methanol, respectively. 
These radicals can be assigned in two ways. A fast population represents 

Fig. 2. Intensity-weighted size distributions (A) derived from REPES analysis of autocorrelation functions C(q,t) observed at θ = 90◦, along with corresponding 
partial Zimm plots (B) for PHPMA32-b-PDPA30 (circles) and PHPMA32-b-PDPA97 (triangles) RNPs prepared in DMF (black) and THF/methanol (blue) (Cfinal = 5.0 
mg mL− 1).

Table 2 
Structural features of the fabricated block copolymer assemblies as determined by the scattering techniques.

Sample Solvent RH 

(nm)
RG 

(nm)
RG/RH Mw (RNPs) × 106 

(g mol− 1)
R 
(nm)a

Nagg
b ζ (mV)c

PHPMA32-b-PDPA30 DMF 19.5 23.5 1.17 2.30 13.1 173 − 4.9
THF/MeOH 42.0 58.0 1.38 9.12 21.7 688 − 4.6

PHPMA32-b-PDPA97 DMF 39.8 66.5 1.39 6.65 23.5 203 − 5.1
THF/MeOH 47.0 70.1 1.39 11.05 31.4 338 − 5.8

Fig. 3. SAXS patterns of (A) PHPMA32-b-PDPA30 and (B) PHPMA32-b-PDPA97 RNPs prepared using THF/methanol (black circles) and DMF (blue circles) accom
panied by the corresponding curve fittings (red solid lines) (Cfinal = 5.0 mg mL− 1).
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the TEMPO radicals located on the PHPMA segment at the surface of the 
NPs, while the slow population represents the radicals bound to the part 
of the PHPMA segment that was captured within the core of NPs during 
preparation. Considering the cryo-TEM images and light-scattering data, 
PHPMA32-b-PDPA30 and PHPMA32-b-PDPA97 block copolymers are self- 
assembled to spherical micelles of various sizes. Taking into account the 
core–shell structure of the NPs, during microfluidic nanoprecipitation 
the particles grow by self-assembly of block copolymer from the random 
collision of primary nuclei (nucleation-aggregation) and the presence of 
hydrophilic blocks in the core of the NPs cannot be ruled out [45]. 
Therefore, it is expected that during the assembly process, a part of the 
PHPMA chains bearing TEMPO radical becomes trapped inside the core 
of the micelles [46] where the local density of the polymer increases, 
and the radical mobility becomes much more restricted with τR values of 
3.27 ns and 3.22 ns for NPs prepared in DMF and THF/methanol, 
respectively (more than 100 times higher compared to the free TEMPO). 
On the other hand, the rotational mobility of the radicals located at the 

Fig. 4. Cryo-TEM images of self-assemblies of PHPMA32-b-PDPA30 prepared in DMF (A) and THF/methanol (B) and of PHPMA32-b-PDPA97 prepared in DMF (C) and 
THF/methanol (D). Scale bar = 100 nm.

Fig. 5. EPR spectra of TEMPO in PBS, PHPMA32-b-PDPA30 block copolymer 
dissolved in DMF and of the nanoparticles prepared by MF using DMF and THF/ 
methanol as organic solvents at 25 ◦C. Simulated spectra are shown as dotted 
red lines, while experimental spectra are shown as solid black lines.

Table 3 
Percentages of slow and fast components and the calculated rotational correla
tion times for TEMPO, PHPMA32-b-PDPA30 copolymer and NPs prepared in DMF 
and THF/methanol measured at 25 ◦C.

Sample Fast component Slow component

Amount 
(%)

τR 

(ns)
Amount 
(%)

τR 

(ns)

TEMPO 100 0.03 − −

PHPMA32-b-PDPA30 100 0.27 − −

NPs prepared in DMF 42.8 0.63 57.2 3.27
NPs prepared in THF/ 

methanol
39.6 1.70 60.4 3.22
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surface of the NPs is only moderately slower compared to PHPMA32-b- 
PDPA30 copolymer. Moreover, the similar percentages of the slow and 
fast spectral components for NPs prepared in DMF and THF/methanol 
(57.2 % vs 60.4 % of slow component) indicate that the distribution of 
PHPMA chains bearing TEMPO radicals in NPs does not depend on the 
solvent used for the NPs preparation.

The nanoparticles self-assembled from PHPMA32-b-PDPA97 in DMF 
and THF/methanol show similar results and two components are again 
observed in ESR spectra, Fig. 6.

However, much larger τR values of 171.49 ns and 23.67 ns calculated 
for the slow component compared to nanoparticles assembled from 
PHPMA32-b-PDPA30 indicate that the mobility of radicals is very 
restricted because of higher polymer density originating from larger 
PDPA block, Tables 4 and S2. In addition, different percentages of slow 
and fast components for NPs prepared in DMF and THF/methanol (49.6 
vs 78.5 % of slow component) indicate that the THF/methanol solvent 
mixture favors inclusion of the PHPMA block inside the nanoparticles. 
The observed differences in the mobility of radicals in particles prepared 
in DMF compared to those prepared in THF/methanol are attributed to 
the distinct assembly processes in these solvents.

Previous studies have shown that the thermodynamic solvent–water 
interaction parameter (χsolvent-water) significantly influences the nano
precipitation step. The χsolvent-water parameter describes the solvent–
water affinity; lower χsolvent-water values indicate higher solvent–water 
affinity, leading to the formation of smaller nanoparticles [47,48]. This 
trend aligns with our findings, as RNPs prepared in DMF, which has a 
lower χsolvent-water, are smaller than those prepared in THF/methanol, 
which has a higher χsolvent-water value. The lower χsolvent-water results in 
smaller and faster-forming nuclei during nanoprecipitation. This 
behavior affects not only particle size but also the internal particle 
structure, as observed by EPR. It is likely that primary nuclei formed 
during nanoprecipitation in THF/methanol are larger, more hydropho
bic, and have a less stable interface, leading to random coalescence. In 
contrast, nuclei formed in DMF are smaller, less hydrophobic, and more 
stable. Consequently, RNPs prepared in THF/methanol are expected to 
trap a higher number of hydrophilic groups within their inner structure 
compared to those prepared in DMF.

Finally, the stimuli-responsive properties of the RNPs were evaluated 
under acidic conditions using EPR. The results are shown in Fig. 7 for 
PHPMA32-b-PDPA30 RNPs and in Fig. 8 for PHPMA32-b-PDPA97 RNPs.

As described previously, the EPR spectra of PHPMA32-b-PDPA30 
block copolymer RNPs prepared using THF/methanol and DMF consist 
of slow and fast components because of different distribution of radicals 
in the core–shell spherical nanoparticles (see Fig. 7). After addition of 
HCl the slow component disappears and only one component remains in 

the EPR spectra. The calculated τR values (Tables 5 and S3) reveal that 
the mobility of radicals after addition of the HCl for both NPs is com
parable to the label in PHPMA32-b-PDPA30 copolymer before the self- 
assembly process. The addition of HCl clearly induces structural disas
sembly of the RNPs, as observed by TEM measurements (Fig. S7, ESI). 
Consequently, the radicals previously trapped inside the nanoparticles 
are exposed to the solution, allowing their mobility to be restored. The 
PHPMA32-b-PDPA97 block copolymer RNPs show comparable behavior 
(Fig. 8, Tables 6 and S4). After addition of HCl the structural disassembly 
of NPs is followed by the disappearance of the slow component from the 
EPR spectra. Again, the radicals that were significantly restricted in the 
dense regions inside the NPs are exposed to the solution and the corre
lation time for both NPs approaches the value obtained for spin labeled 
PHPMA32-b-PDPA97 block copolymer before micellization (0.79 ns) 
indicating complete disassembly of NPs.

Altogether, this study highlights the electron paramagnetic reso
nance spectroscopy as a valuable tool in the analysis of nanoparticles. 
EPR spectroscopy confirmed the successful formation of core–shell 
RNPs, with results closely matching the size and density measurements 
obtained from scattering techniques such as DLS, SLS, ELS SAXS, TEM 
and cryo-TEM. This investigation showcases the EPR-spin label 
approach’s effectiveness in analyzing the internal structural character
istics and dynamics of core–shell nanoparticles and their response to pH- 
induced disassembly. For relevant data on the PDPA-b-PHPMA block as 
a drug delivery system, including encapsulation efficiency, drug de
livery and release, and in vivo efficacy, readers should refer to our 
previous papers [38,39,49].

4. Conclusion

The pH-responsive PHPMA32-b-PDPAn diblock copolymers, enriched 
with stable nitroxide radicals, were successfully synthesized using a 
combination of RAFT and DCC methods. This synthesis produced 
diblock copolymers with PDPA blocks of varying molecular weights, 
demonstrating precise control over the molecular characteristics of each 
product. The presence of TEMPO radicals was confirmed using EPR 
spectroscopy. Furthermore, employing the MF method, we primarily 
developed micellar structures, using pH-responsive amphiphilic 
TEMPO-PHPMA-b-PDPA copolymers. Additionally, EPR was utilized to 
investigate the dynamics within the prepared RNPs under buffer- 
simulated physiological conditions. Our findings revealed that the 
nitroxide radicals were distributed both within the core and on the 
surface of the NPs.

To assess their pH-responsiveness under buffer-simulated physio
logical conditions, both types of NPs underwent testing under acidic 
conditions typical of tumor sites. Upon the addition of hydrochloric acid, 
the nanoparticles underwent disassembly, confirming their pH- 
responsiveness.

These radical-containing nano-objects show promise for drug de
livery applications, particularly in tumor patients where pH- 
responsiveness is crucial. Moreover, since RNPs are easily detectable 
using the EPR technique, they could serve as valuable tools for 

Fig. 6. EPR spectra of PHPMA32-b-PDPA97 block copolymer dissolved in DMF 
and of the NPs prepared by MF using DMF and THF/methanol as organic sol
vents at 25 ◦C. Simulated spectra are shown as dotted red lines, while experi
mental spectra are shown as solid black lines.

Table 4 
Percentages of slow and fast components and the calculated rotational correla
tion times for free TEMPO, PHPMA32-b-PDPA97 copolymer and NPs prepared in 
DMF and THF/methanol measured at 25 ◦C.

Sample Fast component Slow component

Amount 
(%)

τR 

(ns)
Amount 
(%)

τR (ns)

TEMPO 100 0.03 − −

PHPMA32-b-PDPA97 100 0.79 − −

NPs prepared in DMF 50.4 0.50 49.6 171.49
NPs prepared in THF/ 

methanol
21.5 0.56 78.5 23.67
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monitoring drug pathways during patient treatment.
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Table 5 
Percentages of slow and fast components and the calculated rotational correla
tion times for PHPMA32-b-PDPA30 block copolymer NPs prepared using THF/ 
methanol before and after addition of HCl and using DMF before and after 
addition of HCl.

Sample Fast component Slow component

Amount 
(%)

τR 

(ns)
Amount 
(%)

τR 

(ns)

NPs prepared in THF/methanol 39.6 1.70 60.4 3.22
NPs prepared in THF/methanol 
+ HCl

100 0.67 − −

NPs prepared in DMF 42.8 0.63 57.2 3.27
NPs prepared in DMF + HCl 100 0.43 − −

Table 6 
Percentages of slow and fast components and the calculated rotational correla
tion times for PHPMA32-b-PDPA97 block copolymer NPs prepared using THF/ 
methanol before and after addition of HCl and using DMF before and after 
addition of HCl.

Sample Fast component Slow component

Amount 
(%)

τR 

(ns)
Amount 
(%)

τR (ns)

NPs prepared in THF/methanol 21.5 0.56 78.5 23.67
NPs prepared in THF/ 

methanol + HCl
100 1.42 − −

NPs prepared in DMF 50.4 0.50 49.6 171.49
NPs prepared in DMF + HCl 100 0.85 − −
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[3] J. Thévenot, H. Oliveira, O. Sandre, S. Lecommandoux, Magnetic responsive 
polymer composite materials, Chem. Soc. Rev. 42 (2013) 7099, https://doi.org/ 
10.1039/c3cs60058k.

[4] M. Wei, Y. Gao, X. Li, M.J. Serpe, Stimuli-responsive polymers and their 
applications, Polym. Chem. 8 (2016) 127–143, https://doi.org/10.1039/ 
C6PY01585A.

[5] A. Bratek-Skicki, Towards a new class of stimuli-responsive polymer-based 
materials – Recent advances and challenges, Applied Surface Science Advances 4 
(2021) 100068, https://doi.org/10.1016/j.apsadv.2021.100068.

[6] Y. Shymborska, A. Budkowski, J. Raczkowska, V. Donchak, Y. Melnyk, 
V. Vasiichuk, Y. Stetsyshyn, Switching it Up: The Promise of Stimuli-Responsive 
Polymer Systems in Biomedical Science, Chem. Rec. 24 (2024) e202300217.

[7] S. Mura, J. Nicolas, P. Couvreur, Stimuli-responsive nanocarriers for drug delivery, 
Nature Mater 12 (2013) 991–1003, https://doi.org/10.1038/nmat3776.

[8] B. Nandan, A. Horechyy, Hairy core-shell polymer nano-objects from self- 
assembled block copolymer structures, ACS Appl. Mater. Interfaces 7 (2015) 
12539–12558, https://doi.org/10.1021/am5075503.

[9] Y. Liu, G. Yang, Y. Hui, S. Ranaweera, C.-X. Zhao, Microfluidic nanoparticles for 
drug delivery, Small 18 (2022) 2106580, https://doi.org/10.1002/ 
smll.202106580.

[10] J.P. Martins, G. Torrieri, H.A. Santos, The importance of microfluidics for the 
preparation of nanoparticles as advanced drug delivery systems, Expert Opin. Drug 
Deliv. 15 (2018) 469–479, https://doi.org/10.1080/17425247.2018.1446936.

[11] J. Xu, S. Zhang, A. Machado, S. Lecommandoux, O. Sandre, F. Gu, A. Colin, 
Controllable microfluidic production of drug-loaded plga nanoparticles using 
partially water-miscible mixed solvent microdroplets as a precursor, Sci Rep 7 
(2017) 4794, https://doi.org/10.1038/s41598-017-05184-5.

[12] D. Liu, H. Zhang, B. Herranz-Blanco, E. Mäkilä, V. Lehto, J. Salonen, J. Hirvonen, 
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